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ABSTRACT

The effects of flow nonuniformities on the performance of a horizontal axis
wind turbine are calculated taking dynamic stall into account. The well-known
program PROP is modified to incorporate the above effects, and exercised to
produce quantitative comparisons with the uniform flow case.

After study of various existing models, the MIT model (developed in 1983) is
used to represent dynamic stall. This model is considered to provide
sufficient accuracy for turbine performance analysis and yet is relatively
simple. - ‘Using reduced frequency as a parameter, it predicts dynamic lift
coefficients substantially higher than the static maximum values and includes
a crude model of the vortex roll-off phenomenon. An associated model for drag
is used.

The dynamic stall model was tested against experimental data for three typical
reduced frequencies. Good instantaneous correlation is obtained, while a
comparison of average values of lift and drag coefficient over a cycle show
excellent correlation.

This model has been incorporated into PROP and, in addition, data input has
been modified to accept more general geometry specification. The analytical
features of PROP have been extended so that fluid mechanics at each radial
station vary as the blade rotates, making it possible to represent a flow
which is not uniform across the disk.

The nonuniformities are wind shear, modeled by a power law; tower wake,
modeled by an approximate Gaussian deficitj yaw, modeled by additional flows
in the rotor-disk plane and large-scale turbulence, modeled by an axial flow
with sinusoidal temporal changes in magnitude.

Representative turbines used to exercise the model are the Westinghouse Mod 0
and the Enertech 44/25. The comparison of field test data from the units with
model predicted performance is good, lending credence to the basic PROP
model. The effects of nonuniformities (using parameters typical of normal
wind turbine environments) with and without the dynamic stall are then
calculated. Modeling the dynamic stall is shown to have little effect, of the
order of a few percent, on the performance. This is principally due to the
compensating effects of increased dynamic lift and increased dynamic drag. It
is further shown that the performance with nonuniform flow compared with the
uniform flow case differs by only a few percent.

The new PROP model provides a powerful general capability to handle nonuniform
flows rationally. The results indicate that the performance in these cases is
not greatly different from the uniform flow situation, indicating that over a
cycle the rotating blade acts as a very effective averaging mechanism.-
However, the instantaneous changes in rotor loads due to nonuniformities are
significant and can be predicted with the new program.
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SECTION 1.0

INTRODUCTION

The phenomenon of dynamic stall can occur whenever the angle of attack of an
airfoil increases relatively quickly from below to above the angle of stall.
When this happens, the flow over the airfoil can remain attached at angles of
attack above the angle at which steady-state (static case) flow separation
normally occurs. This results in the airfoil generating higher lift forces
than would otherwise be possible. In extreme cases, the lift coefficient can
be increased by a factor of two or three by this dynamic effect. The flow
over the airfoil can then separate suddenly, resulting in a rapid decrease in
lift and an increase in drag. In the case of wind turbine rotors, the angle
of attack can vary due to the effects of tower shadow, wind shear, off-axis
operation, and turbulence. As a result, the turbine blades can experience lift
forces that are different (usually larger) than would be expected from static
performance alone.

The increased 1lift forces will have two main effects on the turbine:
increased blade bending loads, and a performance change. The effect of
dynamic stall on blade loads has been examined by Noll and Ham (1983). 1In
their report, the effects of tower shadow and unsteady winds were examined.
Here the effect on output power under the influence of the four unsteady flows
given above is examined by introducing dynamic stall effects into the PROP
computer codes (Hibbs and Radkey 1983).

The PROP code is well suited for performance prediction, but due to the
assumptions used in the code it is not well suited for structural loads. PROP
makes a rigid rotor assumption. In order to properly predict loads, it is
necessary to include the effects of blade elasticity, teeter, and tower elas-
ticity. These effects result in blade motions not experienced by a rigid
rotor. Such motions can be expected to affect the rotor structural loads.

Current computer codes do a good job of finding the turbine performance when
the flow over the blades is attached. For most turbines this corresponds to
light wind conditions with the power output below rated. In stronger winds,
many turbines are stall controlled to limit power output by allowing the flow
to separate from the rotor blades. In these conditions the computer predic-
tions tend to be inaccurate. Generally they underpredict the output power,
sometimes by very large amounts. One possible reason this may be happening is
that the flow is remaining attached at higher angles of attack than those
associated with static stall due to the effects of dynamic stall. Thus, it is
desirable to quantify the effects of dynamic stall on wind turbine perfor-
mance.

The purpose of this project is to modify the PROP computer code (Hibbs and
Rodkey 1983) to include the effects of nonuniform flow and dynamic stall. The
project is divided into three parts. The first part is to select an appro-
priate dynamic stall model. The second part is to modify PROP as required.
Finally, the new computer program is exercised on several test cases.
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The first part of the project starts with an examination of the available
dynamic stall models as given in the literature. Current understanding of
dynamic stall is not sufficient to calculate the blade forces from first
principles of fluid mechanics. Thus, most models are empirical in nature. A
model must be selected that is easy to use, gives reasonable results, and is
compatible with the PROP computer code. The dynamic stall model is discussed
in Section 2.0,

Next, the PROP code must be modified. These modifications include several
changes made by Rocky Flats (Tangler 1983) as well as those needed for this
project. The new code is required to handle the four nonuniform flow cases
given above either singly or together. It must be possible to include the
effects of dynamic stall as desired. A complete description of the modifica-
tions is given in Section 3.0.

The code was exercised by examining the performance predictions of two tur-
bines under various conditions of wind shear, tower shadow, and the other
nonuniform flow conditions. Predictions with and without the effects of
dynamic stall are made and compared with actual turbine performance. The full
results are given in Section 4.0.
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SECTION 2.0

DYNAMIC STALL MODEL

Dynamic stall is a highly complex phenomenon. It involves time-dependent
interactions between potential flow and viscous flow effects. These complex-
ities make it very difficult to determine the forces on an airfoil theoreti-
cally, that is, from the airfoil shape and the time history of the flow
alone. As a result, most models that predict the airfoil forces during
dynamic stall are empirical in nature. Essentially, these models are sets of
equations that fit the experimental data. These equations are also based on
knowledge of the physical mechanism of dynamic stall. The resulting methods
thus require some experimental data on a given airfoil to create a model to
predict its behavior. 1In general, methods that rely on a more extensive data
base for a given airfoil will give better predictions.

In this project it is desirable to get a first look at the effects of dynamic
stall on rotor power output. Thus it is necessary to have a method that gives
good predictions of the dynamic lift and drag forces, but frequently, because
of other inaccuracies, a complicated model giving the best possible prediction
is not justified. This means a simpler method can be used. All dynamic stall
methods require some input data for use in finding the airfoil characteris-
tics. A method that requires only the static airfoil lift and drag data will
in principle be simplest.

Another consideration in choosing a dynamic stall model is the ease with which
it can be incorporated into the PROP code. The PROP code must find the lift
coefficient and drag coefficient of an airfoil at a given angle of attack.
These coefficients can then be used to find the forces for a blade element.
When unsteady flows are to be taken into account it is necessary to find the
forces on each blade element at several azimuthal stations during rotation.
If dynamic stall effects are to be considered, then the number of circumferen-
tial stations that must be considered can be quite large, say over 100. 1In
addition, the conditions at past stations affect the forces developed at a
future station. The history of the blade element must be remembered by the
code that implements the dynamic stall method. It is desirable to use a
method that has the least parameters involved in remembering the necessary
information,

A further complication is that the PROP code solves for the performance of
each station in an iterative manner. The section lift and drag coefficients
must be computed for several different angles of attack at each station during
this iterative procedure, keeping the past history the same. The chosen
dynamic stall method must be adaptable to this solution method to be usable in
PROP.

2.1 AVAILABLE METHODS

Several available dynamic stall methods have been reviewed in the report of
Noll (1983). The methods reviewed are the Boeing-Vertol (sometimes known as
the Gormont method), UTRC, MIT, Lockheed, and Sikorsky methods. The descrip-
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tion of these methods is not repeated here. Noll concluded that the MIT model
was the best one to use for turbine blade work. This model incorporates
aspects of both the Boeing-Vertol method and the Sikorsky method. From the
Boeing-Vertol method, the MIT method borrows the equations used to predict the
angle of attack at which dynamic stall occurs. From the Sikorsky method comes
the equations that model the lift and drag coefficients during and after
dynamic stall. The MIT method results in a fairly accurate prediction of
dynamic stall as a result,

There are, in addition, newer methods not covered by the Noll report, since
they were published at a later date. The two more interesting of these are
the new UTRC (Gangwani +1981) method and the Tran and Petot (Rogers 1984)
method. Both methods are highly accurate, but have drawbacks that limit their
usefulness to this program.

The new UTRC method uses an effective angle of attack equation to determine
the airfoil characteristics. The method uses this effective angle in a set of
equations to find the airfoil lift and drag coefficients under unsteady condi-
tions. These equations require several (about 20) constants that must be
found by a least square curve fit of test data, which must cover a wide range
of dynamic conditions to be useful. Any airfoil for which such dynamic data
are not available cannot be modeled via this method. This strong reliance on
test data makes this method undesirable for use here.

The Tran and Petot method uses differential equations to find the unsteady
lift coefficient., It is of interest because the method does not have''modes"
that must be switched on and off as the airfoil goes from one condition to’
another. The solution to the differential equation is sufficient. This makes
the method very suitable for being incorporated into a computer code. Unfor-
tunately, it requires several coefficients, each of which is particular to the
airfoil and is a function of angle of attack. In addition, it does not give
results for the airfoil drag coefficient, but only its lift coefficient. Both
of these characteristics make it unsuitable for use here.

Both the new UTRC method and the Tran and Petot method can be expected to give
quite accurate predictions. However, both require considerable tunnel data on
the airfoil to be modeled, data that must be taken as the airfoil undergoes
dynamic stall. Such data are available for some airfoils, but usually only
the type of airfoils that would be used on a helicopter. Data needed for
airfoils used in wind turbine work are generally not available.

The MIT model gives .some of the best results of the methods examined by Noll,
but is inferior to the two methods given above. The MIT model has the advan-
tage that it is simple, easy to use, and has been used before. It will work
for any airfoil for which static airfoil data are available. Thus, the tur-
bine designer need not be concerned about finding and analyzing dynamic stall
data for the airfoil selected for a particular turbine design. With the MIT
model incorporated  into PROP, turbine analysis with dynamic stall can be
carried out for a little more effort than finding turbine performance without
dynamic stall effects being considered.
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It is felt that for most turbine work these advantages outweighed the impor-
tance of any inaccuracies the MIT model might have with respect to the more
advanced models. This is especially true at this early stage of the work. If
simple models show that important new insights can be gained from the consi-
deraton of dynamic stall, then the extra effort can be expanded to develop the
more complex models.

In the future it may be desirable to work on one of these more advanced
methods so it can be used for turbine performance prediction. Thus, it was
decided to modify PROP in such a way to permit the later inclusion of almost
any generally dynamic stall model with little effort.

The mechanism of the MIT model consists of four regimes or modes. In this
description the parts of the model associated with determining the moment
coefficient have been left out. This is a significant simplification and is
acceptable because PROP does not need moment coefficient data to predict power
output.

First, the method starts by using the standard airfoil data (Mode 1). When
the angle of attack increases from below the static stall value to above, the
method extrapolates the lift coefficient up to a higher value than given by
the static data (Mode 2). As the angle of attack continues to increase, the
method computes the dynamic stall angle, which is a function of the rate of
increase in angle of attack. Once the dynamic stall angle is reached, the
method models the dynamic stall process (Mode 3). During dynamic stall, a
vortex forms near the leading edge of the airfoil and rolls off along the
upper surface of the airfoil and off the trailing edge, accompanied by a
sudden increase in the airfoil 1lift coefficient. The magnitude of this
increase is a function of the rate of increase in angle of attack at the
moment of dynamic stall., The lift coefficient then remains at this elevated
level until the angle of attack begins to decrease. After the decrease has
begun, the lift and drag coefficients exponentially decay to their static
values (Mode 4). When the coefficients are sufficiently close to the static
values, the method resumes using them as it did at the beginning. Thus we
return to Mode 1.

A problem with the method as described lies in the assumption that the dynamic
lift coefficient remains at an elevated level until the angle of attack begins
to decrease. Consider the case of a wind turbine operating with a tower
wake. Assume that when the blade is outside the tower wake the flow is separ-
ated, but it is attached while in the tower wake. The blade will experience
dynamic stall when it leaves the wake. However, with the method described
above, the lift coefficient will remain at a high value for virtually the
entire blade rotation. This is because the angle of attack will increase as
the blade leaves the wake and then stay high for most of the rest of the
rotation until the blade reenters the wake.

A better model of dynamic stall would be to have the lift coefficient remain
at its elevated level for a fixed amount of time regardless of the airfoil
motion. The length of time to be used is related to the movement of the
separation vortex down the airfoil.
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When putting the method into the computer program, it is convenient to divide
it into several modes. Each mode contains rules for determining the lift and
drag coefficients as well as when to switch modes.

In preparation to use the method, it is necessary to find the static stall
angle, ag . This angle is defined as the angle at which the lift coefficient
slope has a value of 0.05 per degree. With this angle known, as well as the
static stall lift coefficent, Ci, -» the method starts with Mode 1.

ss

2.2 MODE 1

The lift and drag coefficients are determined from the static values. These
values are input parameters to the program and are particular to the airfoil
used on the turbine. The lift and drag coefficient values are specified at
several different angles of attack and at several blade radial stations,
Coefficient values at intermediate angles and stations are formed by linear
interpolation. The method continues to stay in Mode 1 until the angle of
attack increases from below the static stall angle to above. Then the method
goes to Mode 2. ' '

2.3 MODE 2

In Mode 2; the method finds the 1ift coefficient from the following equation:
CL = CLSS‘+‘ .0.1(“ - aSS) .

The drag coefficient is found from the static values. The method also finds
the angle of dynamic stall, G4gt

ac
adg = agg * ¥ (EV) 12,

where & is the rate of change of a with time, V is the local relative speed,
and C the local chord, while y is a constant, having dimensions of an angle,
and weakly dependent on the airfoil. If y is not known for a given airfoil, a
value of one radian .is recommended. It is -convenient to put this equation
into the following form:

| da C
adg = @gg * Y(c—i-é. '2‘§>1/2 ’

where da/de is the rate of change of a with respect to 6, the blade circumfer-
ential position, and R is the radius of the station under considerationj it is
assumed. that the tip speed ratio is high enough that V is closely approximated
by the circumferential blade velocity. If the angle of attack is below the
dynamic stall angle, then the method stays in Mode 2, otherwise it goes to
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Mode 3. The position at which dynamic stall occurs, 0,4, is saved, and the
maximum lift coefficient is found from the following algorithm:

_ da ¢
CLmax = CLgs * 40 |0 R‘ ’
if CLgg * 0-1(Gqs - agg) < CLpax < CLgg * 2:0
. . da C .
while if 40 39 R 7 2% CLpax = Cp,, + 2
and if
40 |92] € < 0.1(agg - agg)t C =C + 0.1 (agg - agg)
ds| R . ++\0ds 8s/* “Lpax Lgg . ds ss
2.4 MODE 3

This mode finds the forces during the vortex rolloff period of the dynamic
stall, The vortex is assumed to form at the leading edge of the airfoil and
convect downstream at half the forward speed of the airfoil. While the vortex
is between the leading edge and the midchord point of the airfoil, the lift
coefficient is found as in Mode 2, by extrapolating the lift coefficient to
the current angle of attack. However, the lift coefficient is not allowed to
increase above C « The drag coefficient is found by assuming the airfoil
acts like a fully™alled flat plate, that is:

CD=CLsinG.

After the vortex passes the airfoil midchord point, the lift coefficient 1is
set to C; . The drag coefficient is found from the stalled flat plate
asusmption™®s above. When the vortex passes the trailing edge, the method

saves the current blade position, 8, and goes to Mode 4.

2.5 MODE 4

This is the exponential decay mode or thé‘recovery mode. The lift and drag
coefficients are found from the following equations:

2R
- - (6 - 85) C
cL=Cr, *+ (0 -CL)e o)
2R
Cp = CDs + (CDmax - CDs) e(8 - 8g) C ’
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where C and Cp are the lift and drag coefficient values at the end of
Mode 3, 8% c; alf8*C, are the values that the airfoil would have under

static conditiofis. Mode34 stays in effect until the lift and drag coefficient
values are within 1% of the static values. The method then returns to Mode 1.

It is important to determine how well the model predicts the coefficient
values during dynamic stall. This can be done by comparing results from the
model with wind tunnel test results. A good set of dynamic stall data was
taken by McCroskey (1983). He examined several airfoils under different
conditions of oscillation frequency, amplitude, and mean angle of attack. All
dynamic lift and drag coefficients were taken with the airfoil undergoing
simple sinusoidal oscillations. In addition, static data were taken for each
airfoil. The static data were taken for angles up to 30° and are thus quite
suitable for use in the dynamic stall model without having to make any assump-
tions about the coefficients at high angles.

It was decided to check the MIT model against data for the NACA 0012 air-
foil. The static data for this airfoil measured by McCrosky are given in
Table 2-1. These data are somewhat smoothed from the original data. Three
dynamic cases were examined. Two of the cases had a mean angle of attack of
10%, and oscillated *5°., The reduced frequency, k, for these cases was 0.l
and 0.2, where k is defined as:

_ wC
k=37

where w is the angluar oscillation frequency.

The third case had an average angle of attack of 15° and oscillated #10°. The
reduced frequency was 0.15 for this case. The test cases cover a range of
conditions for which significant dynamic stall effects take place, and can be
expected to occur for wind turbine blades. For these three cases, the step
size was taken as 1/120 of a complete cycle. Trials with other step signs
(not shown) showed this size to be a good compromise between speed and
accuracy} further reductions in: the step size result in negligible improve-
ments in accuracy. This step was also used for the wind turbine analysis
cases.

There is one significant difference in this comparison. The test data were
taken with airfoil angle of attack variations caused by airfoil rotation about
the quarter chord point.. .In the MIT theoretical model case, airfoil angle of
attack changes are caused by changes in the vertical component of the
velocity. This is equivalent to a heaving motion of the airfoil. The differ-
ence in the motions of these two cases can be expected to cause some differ-
ences in the two curves,
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Table 2-1. Static Airfoil Data for the NACA
0012 Used in Theoretical Dynamic
Stall Predictions

a Cp o CD
0 0 0- . 0.006
5 0.68 5 0.009
10 1.11 10 0.013

13.4 1.36 13.4 0.018
15 1.19 15 0.150

17.5 1.08 20 0.286
20 1.05 25 0.440
25 1.02 30 0.630
30 0.97

Figure 2-1 shows the results for the first case. Here the lift coefficient
and drag coefficient are shown as a function of time, as measured by angular
position. The angular position varies by 360° for each complete cycle. Both
the computed and experimental values are shown on the figure along with the
curve that results when dynamic effects are ignored, called the static case.
The predicted lift coefficient has a somewhat lower peak value, and peaks at a
later time than do the data. There is a significant hysteresis lift loss
between 6 = 200° and 300° in the experiment that is not predicted by the
theory. The predicted drag curve is somewhat narrower and higher than the
data.

The next case is shown in Figure 2-2. Here again the maximum lift coefficient
is underpredicted, and there is a similar phase shift and hysteresis loss.

The third case is shown in Figure 2-3. For this case the lift coefficient is
predicted quite well. The peak value is overpredicted, but the general shape
of the curve is matched fairly closely although there is the same hysteresis
loss around 6 = 300°. The same is true for the drag curve, except the peak
value occurs too soon. Figure 2-4 shows the hysteresis loop for this case.
Again, the overprediction of 1lift for the latter quarter of the loop 1is
apparent., '

These examples show that the MIT method is capable of reproducing experimental
data on a qualitative level, but is not highly accurate on a quantitative
level. In all the cases examined, the minimum lift coefficient is not well
predicted (the hysteresis effect). The lift coefficient values given by the
data are sometimes lower than would be expected from static data. A review of
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the MIT method shows that it will never give a lift coefficient below the
static values. The question that must be addressed is if the model results
are good enough for turbine power output prediction.

The lift force produced by the airfoil contributes to power output. The drag
force reduces power output. The average contribution to power output from
each of these forces is approximated by their average values. Thus, a compar-
-ison can be made between the model and the data by comparing the average
coefficient values over the course of one oscillation. In the case of drag,
this comparison is quite reasonable: the power lost is almost directly pro-
portional to the drag at any timej hence the average power lost is approxi-
mately proportional to the ‘average drag coefficient., In the case of the lift
coefficient, using the average value for comparison is not as good a measure
since the contribution to output power tends to increase with lift at a rate
greater than a linear rate. Even so, the average value can still give some
indication of what is going on.

The average values of lift and drag coefficients (EL,‘ED) for the three
cases are shown in Table 2-2., Note that in all three cases the drag coeffi-
cient is underpredicted and the lift coefficient is overpredicted. This would
indicate that predictions of power output would be highj however, the pre-
dicted average values are within 10% to 20% of the data averages.

To further evaluate the effect of the inaccuracies in the model, it was
decided to conduct a sensitivity study. This consists of analyzing one test
case with the drag rise at stall eliminated. Instead, the static drag coeffi-
cient data will be used. This will significantly lower the average drag
coefficient value and provide an upper bound to the power output estimate due
to the effects of dynamic stall. The results of this case are presented in
Section 4.0.

Table 2-2. Average Lift and Drag Coefficient
Values for the NACA 0012 Airfoil
During Dynamic Stall

Reduced frequency 0.1 0.2 0.15

‘Alpha range 10°%5° 10°+5° 15°+10°
T, theory 1.09 1.11 1.298
~ Cp, experiment 0.994 0.94 1.148

Cp, theory "~ 0.0557 0.0812 0.242

Cp, experiment | 0.0675 ~0.0938 0.255

10
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Figure 2-1. Dynamic Airfoil Characteristics for the NACA 0012,
Comparison between Theory and Exper1ment for a Reduced
Frequency of 0.1, a = 10° 15°
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Figure 2-4. Dynamic Stall Hysteresis Loop for the NACA 0012,
Comparison between Theory and Experiment for a Reduced
Frequency of 0.15, a = 15°+10°
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SECTION 3.0

MODIFICATIONS TO PROP

Several modifications have been made to the rotor analysis program PROP. The
modifications cover changes made by Rocky Flats, changes required for this
program, and several additional changes to improve the useability of the code.

Rocky Flats has made extensive use of the PROP code and has made several
changes (Tangler 1983). The computation of dimensional values has been
added. The original version computed only dimensionless values, whereas the
new program, given the rotor diameter, rate of rotation, and fluid density,
will find the shaft power output, thrust, and wind speed at each tip speed
ratio., These values are computed under the assumption that the rotor rate of
rotation is fixed. For turbines driving synchronous generators, the assump-
tion is exact. For turbines driving induction generators, it is not quite
exact due to generator slip. It is recommended here to use the rate of rota-
tion of the blade when at full power.

Another modification is varying the number of radial stations at which the
analysis is carried out. The original program used 10 radial stations evenly
spaced from the axis of rotation to the tip. The new code allows an arbitrary
number of analysis points to be defined over an arbitrary radius range. 1In
addition, Rocky Flats added the capability of nonuniform spacing the analysis
points, with the points clustered near the ends of the radius (the rotor
tip). However, trials with this option have shown that it makes little dif-
ference, so it was not included in the new version of PROP being developed
here. Figure 3-1 shows the effect of varying the number of radial stations.
The power versus wind speed curve is shown for a MOD-0 wind turbine with 5,
10, and 20 radial stations spaced along the blade. Note that the case with
only five stations has an irregular curve. This is caused by each station
undergoing stall at different times. As there are only five stations, when
one stalls out it has a major effect on the overall output curve. Increasing
the number of stations to 10 results in a much smoother curve. Here the
contribution from each station is sufficently small that stalling of a station
does not have a major effect on the overall curve. Increasing the number of
stations to 20 causes only a small change in the power curve.

From these results it appears that 10 to 20 radial stations will be sufficient
for most work. It was decided to use 15 stations for the test cases reported
here.

The last modification made by Rocky Flats was to the post-stall data synthesi-
zation routine. This routine defines the lift and drag coefficient values at
angles of attack above the highest value available from the data. The old
version of PROP contained a routine that assumed the forces developed by the
stalled airfoil are normal to the chord line. The stalled airfoil will as a
result develop zero force parallel to the chord line.

However, test data on stalled airfoils indicate that some amount of chordwise

force is in fact generated. To account for this force, more advanced methods
of modeling post-stall airfoil characteristics have been developed. One

15
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method developed by Viterna and Corrigan (1981) has been modified by Tangle:
and Ostowari (1984). The modifications are based on nonrotating tests made or
several airfoils at high angle of attack.

Lift coefficient:

D 2
O = 08K i 2 4 4y S50
where
A (c c i ) sin g
2 = Lg Dpay 510 @s €OS ag coszas
ag = angle of attack at stall, or the highest angle for which
data are available

CLS = Cy, at ag

c - 1+ 0.065 AR

Dpax (0.9 + t/c)
AR = agpect ratio

t/c = nondimensional airfoil thickness

Drag coefficient for a = 27.5° to 90°

COS a

D = CDpay sin a + (CDs - % cos ag

sin o
max s)

For o less than 27.5°, use these values to determine Cpt

a Sp
15° 0.100
20° 0.175
25° 0.275

27.5° 0.365

with intermediate values found by linear interpolation.

17
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These equations have been incorporated into the new version of PROP. When
using them, it is generally best to input data for the airfoil lift coeffi-
cient up to the stall angle or beyond. The input drag coefficient data should
be as extensive as possible, with the last point being on the curve defined by
the a versus C; data given above. The angle ag is taken to be the largest
angle input by the user.

The post-stall synthesization routine given by Viterna and Corrigan (1981) is
shown below:

Lift coefficient: same as given above

Drag coefficient! a greater than stall

CD = 1.11 + 0.018 AR

max
c = B sinza + B, COS G

D 1 2
where

B = C
1 Dmax
- 1wl
~ CDs CDmax sin<cag
By =

cos ag

Use of these equations in PROP tends to give a higher prediction of peak power
output, as they tend to give a lower estimate for Cpe PROP can easily be
modified to use these equations.

It is important to note that the use can bypass the post-stall routines simply
by entering in C; and Cp data for angles up to 90°., PROP will not resort to
these routines until angles outside of the range defined by the user are
.encountered.

The original version of PROP required the blade chord, twist, and airfoil lift
and drag characteristics to be defined at each of the 10 radial stations.
With the new ability to vary the number of radial stations at which the analy-
sis is carried out, it is inconvenient to define the blade parameters at each
station. PROP was thus modifed to allow the blade parameters to be defined at
an arbitrary number of radial points, arbitrarily spaced. The chord and twist
at any station along the blade is then found by linear interpolation. For
blades that are linearly tapered and twisted, only two radial points need be
input. For more complex shapes, a larger number of points can be defined as
required. :

18
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The airfoil characteristics are also defined at these arbitrarily selected
radial points, with lift and drag coefficient values at other stations being
found by linear interpolation. The method used is as follows. For a given
angle of attack and radial station, the lift and drag coefficients are found
for the neighboring points where the airfoil characteristics are defined.
Once these values are known, the lift and drag values at the station of inter-
est are found by linear interpolation.

Note that this method determines the static airfoil coefficients. If dynamic
stall is involved, then these static values must be used by the dynamic stall
model. As the dynamic stall model requires only the past history of the
coefficients and angle of attack, and the current static coefficients, this
method of finding the static coefficients is completely compatible with the
dynamic stall model.

3.1 NONUNIFORM FLOW MODELS

The PROP program has been modified to accept several new nonuniform flows
caused by wind shear, tower shadow, off-axis flow, and turbulence. Each of
these conditions can be used during the analysis of a turbine, either singly
or together.

The wind shear model utilized was developed for the original PROP code. It
assumes that the wind speed varies with height as definéd by the power law:

()

where V is the wind velocity at height h and Vo is the wind velocity at height
h,. The power law exponent is a+« The inputs required by the wind shear model
are the ratio of the rotor hub height to the rotor radius, and the power law
exponent.

The tower shadow model is used to describe the wake behind the tower as seen
by the blade. The wake is assumed to have constant width and to extend from
the bottom of the rotor disk to hub height. The velocity deficit in the wake
at any distance Y from the wake centerline is defined by:

Vg = Vo [1 - Vpcos2(n¥/Y,)] ,

where V, is the maximum velocity deficit at the wake centerline, and Y is the
total wake width. Both V5 and Y _  are needed as input parameters to gescribe
the tower shadow. They can be obtained either via experimental data or esti-
mated from the tower diameter D, and drag coefficient Cpt (Schlichting
1968). The wake width and deficit are approximately:

Yy = CpeDe/Vp -

19
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with

_ [ CptDe 1/2
Vp = X ’

where X is the distance downstream of the tower centerline. Theory indicates
that in the far wake the velocity distribution will approximate a Gaussian
curve while in the near wake the velocity curve will be sharper edged and
almost rectangular. It is felt that the cosine-squared curve used here is a
good compromise between these two extremes and will be adequate for most work.

The yaw error model requires.only the yaw error angle as input. The yaw error
procedure 1is fully described in Section 3.2, which describes momentum
theory. There are several ways a turbine can be operating in off-axis flow.
The most obvious is through a yaw tracking error. The flow will also be off-
axis in the case of a vertical component in the wind, or if the rotor shaft is
set off horizontal, with a shaft tilt. The program is set up to handle yaw
errors only in the horizontal plane, not in the vertical. However, if yaw
error is used alone, without wind shear or tower shadow, then off-axis errors
in the vertical plane can be simulated.

The turbulence model impresses a sinusoidally varying wind on the turbine. In
other words, the speed across the entire disk varies with time but not with
space! at any instant the speed experienced by the whole disk is the same.
This carries the implication that the scale of the turbulence is significantly
larger than the disk diameter. The frequency of the variation and its ampli-
tude are input parameters. The frequency is defined as a multiple of the
rotor rotation frequency. Usually, an integer multiple should be used so that
an integer number of turbulent cycles will take place over one blade rotation.
In addition, recent studies of the turbulence spectra as seen by a rotating
blade show that most of the turbulent energy is concentrated at the harmonics
of the blade rotation frequency. Thus, choosing integer multiples of the
rotor frequency for the turbulence frequency would seem most appropriate.

3.2 MOMENTUM THEORY

To accept the nonuniform flows, standard momentum/strip theory must be modi-
fied. It is necessary to consider the effects of cross flow caused by yaw and
variations in the axial flow velocity. These modifications are introduced
below.

The following definitions are used in this analysis. The length of the rotor
blade, measured from the center of rotation to the blade tip, is defined as
Rn. The rotor cone angle is ¥. The projected rotor radius is thus RmcosY.
Tge dimensional blade chord, c, and rotor radial position, r, normalized by
Rpy give C and R respectively. The mean velocity of the flow impingent on the
rotor at hub height is Ve This value is used to normalize all other veloci-

20



- adlka
S=R1 %
s

ties. At any given point on the rotor disc, the flow can be resolved into
three components:

the axial component, which is normalized to Ve = vx/V°

the radial component, perpendicular to the axis of rotation,
which is normalized to V. = v _/V

the circumferential component, which is normalized to Ve = vc/Vo.

The tip speed ratio, X, is defined as:

QR cos V¥
Vo
where ¥ is the rate of rotation in radians per second. The flow velocities as

experienced by a blade element at distance r from the hub are shown in

Figure 3-2. The flow velocity perpendicular to the cone of rotation is v

vi = v, (1l =a)cos¥+v sinvy,

r

v = r(l+a’) cos ¥+ Ve

Plane of rotation

Vi =V, (1-2) cos ¥ + vy sin Y/

Figure 3-2. Flow Velocities as Experienced by a Blade Element
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where a is the axial interference factor. This normalizes to:
Vi = Vg(l - a) cos ¥ + V. sin ¥ .
The flow component parallel to the plane of rotation, Vi is?
vi=r a(l +a') cos ¥ + v,
where a' is the circumferential interference factor. This normalizes to:
v

j=RX(1+a')+V.

The flow component along the length of the blade is ignored in this analy-
sis. The total normalized flow component as seen by the blade is W and is
given by:

W= Viz + ij 1/2 .
The local inflow angle as seen by the blade is ¢ and is given by:
¢ = atan(V;i/Vj) .

The local rotor solidity, o, is the portion of any given annulus covered by
blades, and is given by:

BC

%% 7R cos ¥ ’

where B is the number of blades.

" 'The velocities V_, Vr, and V_, are functions of the nonuniform flows. V_ is
the mean hub height wind spee& seen by the rotor. The local total velocity Ve

is equal to:

Ve = (Vo2 + V2 4 ch)llz ’
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and can be found from the nonuniform flows:

where C, is the wind shear component:

H+z ¢
H ’

Cy =

where H is the ratio of hub height to rotor radius, Z is the normalized height
of the blade element relative to the hub, and a is the wind shear exponent.
Cq is the tower shadow coefficient, given by:

Cg = 1 = Vp cos2(nY/Y,)
when Y < Y,/2 and Z <0 .
C, is the turbulence coefficient, given by:

Cc =1 + T; cos (8T¢) ,

where T; is the turbulence intensity, T. is the turbulence frequency divided
by the blade rotational frequency, and 6 is the blade rotational position.,

The velocities Vg» V. and V  are as follows:

Vx = Ve cos y
Vc = Ve sin y cos 0
Vr = Ve sin y sin 0

where y is the yaw angle.

Blade annulus theory assumes that each blade element is independent of the
others. The forces developed by a blade element are equated to the change in
. momentum of the flow through the annulus swept out by the blade element. 1In
this way the interference variables a and a' can be found. When nonuniform
flow cases are to be examined, it becomes necessary to extend strip theory to
sectors of an annulus. Here it is assumed that the forces developed on the
blades as they sweep through a sector of an annulus are equal to the change in
momentum of the flow as it passes through the same area. Each sector and
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annulus is assumed to be independent of all others. Thus, the performance of
the entire rotor can be found by analyzing its performance at several differ-
ent radial and circumferential stations and integrating to obtain the final
result.

3.3 AXIAL FORCE EQUATION

The axial force equation is used to find the axial interference factor, a.
The flow approaching the turbine decelerates, passes through the turbine, and
decelerates further. In classical momentum theory the theoretical results
indicate that the total amount of deceleration the flow experiences in the far
wake is twice the deceleration seen at the rotor disk.

The axial component of thrust produced by a blade element of length dr is:

dT = = pw? Cr, CB cos ¢ cos ¥ dr .

N -

The blade contributes only a portion of this thrust to a given sector of width
deé. This defines the incremental thrust as:

pw2CL CB cos ¢ cos V dr 48 .

dT = 2%

N

The pressure drop across the rotor is:

1
Ap = 7 QVXZCH ’

where Cy is the head loss coefficient. It is the dimensionless measure of the
amount of energy a fluid parcel loses as it passes through the rotor. Note
that the normalizing velocity is v, instead of V.. This is because v_ is the
axial component of the velocity, and the force produced by p is in the axial
direction. Only the axial components of both force and velocity are under
consideration here. The incremental thrust due to this pressure drop is:

. dT = A pr cos2y dr de .
The two equations for dT can now be equated:
de

4% pw2CL CB cos ¢ cos ¥ dr i % vxz’CH r cos?y dr de .
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Canceling like terms we get:
WZCL cos ¢ cB = 27 vx2 Cyrcos .

Normalizing by Vo and Rp, and using the relation for the rotor solidity, we
have:

——3 C ¢ = Cyg
o L cos .
sz

The head loss coefficient is a function of a. Since it is a measure of the
energy lost by the flow, it can be found by taking the difference in the
energy of the flow far ahead of the rotor and far behind it. Sufficiently far
away from the rotor the pressure perturbation of the rotor will be insignifi-
cant and all of the energy perturbation will be kinetic. The normalized veloc-
ity far upwind is 1.0 far downwind it is 1 - 2a., Thus, for Cy we have:

Cy=1-(1-2a)2=4a(l -a).

This is the classical result. Note that according to the above equation,
values of C, cannot exceed 1.0. To do so would imply that more energy is
being removéﬁ from the flow than it possesses. In practice, however, values
of C, greater than one are observed as shown in Figure 3-3 (Hibbs and Radkey
1983)., The extra energy comes from turbulent mixing of the wake with the
outer flow. An approximate relation between Cy and a for a greater than 0.9
is?

Cy = 0.889 - 0.444a + 1.55a2 ,

The variables W and ¢ are functions of a along with Cy. In addition, Cy, is a
function of the section angle of attack, which is a function of ¢, and hence
a. The variable a thus appears on both sides of the equation for Cy. To
solve for a this equation must be solved iteratively.

3.4 CIRCUMFERENTIAL FORCE EQUATION

The circumferential interference factor a' is found by equating the blade
torque to the angular momentum added to the air. The.torque produced by a
blade element must equal the angular momentum. The torque generated by a
blade element of length dr sweeping out a sector of width do is:

owlBecr Cy, sin ¢ cos ¥ dr %% .

N

blade incremental torque =
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The mass flow through the section of the rotor swept by the blade is:
mass flow = pvj r cos ¥ dr do .
The increment in cross velocity is:
cross velocity increment = 2a' @ r cos ¥ .

Multiplying these two terms together and by the radius of the element, we get
the amount of angular momentum added to the fluid:

angular momentum = 2a'Qr3 cos3y vi pdr d6 .
Equating this to the torque given above, we have:

2a' ar3 cos3 y vj pdr de =

N~

ow2 Ber Cp, sin ¢ cos ¢ dr %% .
Canceling out like terms:

w2Bc Cp, sin ¢ .

N

4ma’ Qr2 cosy vy =

Normalizing by Rp and V, and using the relation for X:

4ra'R2 X V; = % W2 BC Cp, sin ¢ .

The solidity o can now be included, as well as the relation sin ¢ = vi/w:

WUCL
T T4xR °

a'

Again, this equation must be solved iteratively and the iterations must be
done in conjunction with the equation for a.

3.5 TIP LOSS CORRECTION

The basic analysis presented above does not take into account the aerodynamic
losses caused by vortices shed from the tips of finite blades. A tip loss
correction is required because there is a finite number of blades of finite
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tip chord, while blade element theory implies an infinite number of vanishing-
ly small blades. Tip loss correction is important because tip losses can
cause a decrease in torque and, hence, power output from the blade. Thus, it
is necessary to examine the properties of tip loss and how it can be modeled.

The standard strip theory, as described, assumes that the flow through each
annulus is uniform. In fact, each blade sheds a discrete vortex near the
tip. The effect of this helical vortex is to produce an induced flow field
that is not uniform, but varies around the annulus, with a period related to
the number of blades. This causes an increase in both the axial and circum-
ferential interference factors in the vicinity of the blade tip. This causes
a decrease in section 'angle of attack, as well as a decrease in the circum-
ferential component of the lift force, resulting in decreased torque. The
effect is greatest for blade elements near the tip, and decreases for inner
elements. The effect is also smaller if the helical wake formed by the vor-
tices is tighter, which occurs when the tip speed ratio is increased. This
would also be the case if the number of blades is increased, causing the flow
more nearly to approach blade annulus theory.

A good approximation to the tip loss is given by the Prandtl model (Glauert
1935). This model is a close approximation to the actual loss factor. The
formulas used are simple and have been used with good success. The Prandtl
tip loss factor, Fpy iss

Fr = % arc cos (e~f)
where
g=B Br-R
" 2 Ry sin o7’

and Ry is the radius of the tip while B is the number of blades.

In the express1on for f, the factor, RT sin ¢ry can be approximated by R
sin/¢, which is more easily computed.

If the blade terminates before reaching the axis, then there will be a hub
loss factor, Fy, similar to the tip loss factor. The equation for Fy will be
the same as for Fq, but f is now!

R - Ry
Ry sin ¢

’

=B
f£=3

where Ry is the radius of the hub. The total loss factor, F, is simply the
product of Fq and Fy, or .

F = FrFy
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The loss factor can now be applied to the equations for a and a'. The flow
velocity components through the annulus averaged around the annulus are less
by the factor F. An examination of the equation for F reveals that F has a
value approaching 1.0 far from the tip, decreasing to zero at the tip.
Because the average flow velocity (again, averaged around the annulus) deter-
mines the rate of momentum transfer to the air, the equations for a and a'
should be modified by using aF and a'F in place of a and a’'.

The tip loss factor is also useful in the post-stall data synthesization
routine given above. In that routine the blade lift and drag coefficients are
functions of the aspect ratio. The aspect ratio determines how flow around
the blade tips affects the overall blade characteristcs. However, on a wind
turbine the flow around the tips is a function of the number of blades and the
tip speed ratio. The actual aspect ratio of the blade is not used to find tip
loss. The tip loss factor gives the mangnitude of the flow about the tip. It
can be related to the aspect ratio as follows.

One interpretation of the tip loss factor is that it is the amount of 1lift
lost; that is:

Cy,

F =
CLO

’

where C; is the actual lift coefficient, and C is the lift coefficient that
would be obtained if there were no tip loss. A Qimilar relationship holds for
finite aspect ratio wings as given by the well-known result from wind theory
for wings of moderate-to-high aspect ratio (AR > 2):

1 . S
1+ 2/AR CLO *

Equating these two relationships,

_ 1
P T2/’
and solving for the aspect ratio
AR = 2

gives an equation for an apparent aspect ratio as a function of F.

This apparent aspect ratio is used directly in the post-stall data synthesiza-
tion routines.
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Once the values of a and a' have been found, the local thrust and torque
coefficients can be calculated. After algebraic manipulation, the 1local
thrust coefficient Cry is

Cr; = W2 o(C, cos ¢ + Cp sin ¢) ,
and the local torque coefficient qu is?
Cq1 = W2 oR (Cp, sin ¢ = Cp cos ¢)/cos ¥ .
The local power coefficient is equal to the local torque coefficient times the

tip speed ratio.

The total thrust, torque, and power coefficients are then found by integrating
the local values over all stations. Note that all coefficients are normalized
by the hub height mean velocity gnd She projected area. The projected area of
the entire rotor is equal to TRp“cos”,
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SECTION 4.0

TEST CASES

The effect of the nonuniform flows and dynamic stall was tested on several
test cases using the new code. These test cases cover the four types of
nonuniform flows, as well as combination of those flows. Eight cases were
considered. They are

e Uniform flow

e Wind shear, one seventh power law

o Tower shadow

e Wind shear and tower shadow combined

e Yaw error, 20°

e Wind shear, tower shadow, and yaw error combined

e Turbulence, intensity of 20% and a frequency of two cycles per revolution

e Turbulence, intensity of 20% and a frequency of three cycles per revolu-
tion.

Each of these cases was run both with and without the effects of dynamic stall
(except, of course, the uniform flow case).

It was desirable to subject two different turbines to these cases. In select-
ing which two turbines to consider, several factors had to be examined.
First, test data should be available on the turbine power output. Sufficient
information should be available so that the shaft power output can be deter-
mined, as normally only the electrical power output is measured. The computer
code predicts shaft power. The turbines considered should have a downwind
rotor so that tower shadow will have an effect on the turbine. Finally, there
should be some configurational difference between the two turbines considered.

The two turbines selected are the Mod 0 in the aileron control configuration,
and the Enertech 44/25. For the Mod 0, data of direct shaft power measure-
ments are available for direct comparison with the computer predictions. It
operates in the downwind configuration and is thus subject to tower shadow.
In addition, it has a tower height that is small with respect to the rotor
diameter, thus making it subject to a larger wind variation over the rotor due
to wind shear. The Mod 0 uses an untwisted, tapered blade with a NACA 23024
airfoil. The rotor is teetered for load relief. PROP does not take teeter
into consideration, thus resulting in some inaccuracies. It was hoped that
the analysis of this turbine would help evaluate the magnitude of those inac-
curacies,
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The second turbine considered, the Enertech 44/25, has three blades and a
rigid hub. The rigid hub of this turbine allows for direct comparison between
the computer prediction and the measured power curve without the effects of
teeter. The Enertech rotor operates downwind and in the tower shadow. The
hub is quite high in comparison to the rotor diameter, so the effects of wind
shear should not be very apparent.

The blades of the Enertech have a small amount of twist and taper. The air-
foil is a 44 series NACA section, with a thickness of 24% near the root,
tapering to 12% at the tip. At the three-quarter radius station the blade
thickness is 18%. When the rotor was analyzed, the airfoil section thickness
change was not accounted for, and the data for the 18%-thick airfoil were used
in order to have the results of the prediction comparable to previous work
(Tangler 1983). Test data on the Enertech have been taken at Rocky Flats.
These data give the electrical power output of the turbine as a function of
wind speed. Data on the efficiency of the power train allow for the determin-
ation of the shaft power developed by the rotor. Table 4-1 gives the power
curve for the Enertech with the blades set at a pitch setting of 0° at the
tip.

4.1 TEST CASE RESULTS

A few remarks can be made that generally cover all the test cases consider-
ed. First, the nonuniform flows made almost no difference in the turbine
performance. Peak power output was almost always decreased by the presence of
nonuniform flow, but only by a few percent. Dynamic stall had an even smaller
effect. In many cases the dynamic stall results are virtually indistinguish-
able from the nonuniform flow results. What effect dynamic stall had was
almost always negative: rotor power was reduced.

4.2 MOD O TEST CASES

The first test case for the Mod 0 is the uniform flow case. Figure 4-1 shows
the results for this case at the design pitch angle and design #2°, Also
shown are the experimental data. Agreement between the experimental data and
theory is good up to 9 m/s. Between 9 and 13 m/s, the theoretical curve lies
slightly above the experimental curve by a maximum of 5 kW. Above that speed
the experimental data begin to diverge to higher power 1levels than
predicted. Overall, agreement is good, the differences being equivalent to
less than 1° of pitch at any given wind speed.

It should be mentioned that the closeness of the agreement is, in part, due to
the maximum lift coefficient used in the input data. The 23024 airfoil has a
maximum C, of 1.2 at the Reynolds number of the Mod 0 blade. However,
observation of the actual blade used in these tests by the author indicated
that there was - a small amount of aft camber on the aileron section of the
blade. Thus, it was felt that increasing C; max to l.4 was justified. If a
value of 1.2 is used, PROP will underpredict the experimental data by about
15 kW.
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Table 4-1. Power Curve for the
Enertech 44/25

Wind Electrical Power Shaft

Speed Power Train Power

(m/s) (kW) Efficiency (W)
5 1.25 0.30 4.2
6 3.5 0.64 5.5
7 8.8 0.79 11.1
8 13.0 0.79 16.5
9 17.5 0.77 22.7
10 20.5 0.72 28.5
11 22.3 - 0.68 32.8
12 24 0.65 36.9
13 25 0.64 39.1
14 25,5 0.63 40.5
15 26 0.62 41.9

A second consideration is the rotor rate of rotation used in finding power
output from the coefficient data found by PROP. In the stall region the
power is approximately proportional to the cube of the rotor rotation
rate. Thus, prediction accuracy is increased if the rotation rate at full
power is used; that is, the slip of the induction generator is accounted
for. For the Mod 0, the slip at full power is 3%.

A full listing of the input data used for the Mod 0 and Enertech turbines is
given in the example runs shown in Appendix C.

The next case is the Mod 0 in wind shear. The results for this case are
shown in Figure 4-2., The uniform flow case is shown along with the nonuni-
form flow case and the dynamic stall case. The three curves are essentially
identical. Neither nonuniform flow nor dynamic stall have much of an effect
on the turbine performance. It is instructive to examine this case more
closely to see why these results are obtained.

Figure 4-3 shows the time history of lift and drag coefficients of a blade
element located at 0.75 radius. The rotor was operating at a tip speed of
4,2, which results in this element moving in and out of stall. The figure
shows the time history of the nonuniform flow case with and without dynamic
stall, For most of the cycle, the curves are identical. They separate as
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Figure 4-3. Lift and Drag Coefficent Time Histories for the Mod 0
Turbine Blade at R/R = 0.75 and a Tip Speed Ratio of 4.2,
both with and without the Effects of Dynamic Stall
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the blade enters the stall region at about a 6 angle of 15°, Note that the
dynamic stall lift coefficient curve does indeed show some increase in lift,
which should generate extra power. The drag coefficient also shows an
increase, decreasing the power output. These two effects tend to.cancel
each other, resulting in almost no net change in the power output. The
hysteresis loop for this case is shown in Figure 4-4.

It would appear from these results tha a small change in the dynamic stall
model may cause a large change in the results. The effects of the lift
coefficient increase would no longer balance the effects of the drag coeffi-
cient increase. To test this idea, a sensitivity run was made in which the
increase in the drag coefficient was eliminated. This shows the sensitivity
of major changes in the model.

Figure 4-5 shows the power curve prediction with the modifed model. Also
shown is the uniform flow results and the nonuniform flow without dynamic
stall results., The effect of dynamic stall is still small, adding only 5 kW
to the peak power.,

Although dynamic stall results in little change in performance, it does
result in significant changes in the cyclic loads as seen by the blade. The
peak-to-peak variation in the lift coefficient is nearly doubled. The peak-
to-peak variation in the drag coefficient is increased by a large factor.
It would appear that dynamic stall has an impact on both the flatwise and
edgewise cyclic fatigue loads.

Figure 4-6 shows the results for the tower shadow case with the Mod 0. The
tower shadow was assumed to have a total width of 0.114 times the rotor
radius, and a deficit of 0.4 times the undisturbed flow velocity. Again,
the effects of the nonuniform flow as dynamic stall are very small. When
wind shear and tower shadow are combined, the turbine performs as shown in
Figure 4-7. The decrease in peak power caused by the two nonuniform flows
combined is larger than either shown. In fact, the deficit appears to be
approximately equal to the deficit caused by each of the nonuniform flows
added together.

The case with a 20° yaw error is shown in Figure 4-8. The results show that
yaw error does not reduce peak power output, but shifts it to a higher wind
speed. In fact, the entire power curve has been stretched to higher wind
speeds. Again, dynamic stall has almost no effect. Figure 4-9 shows the
results of shear, shadow, and yaw error combined. The same stretching of
the power curve to higher wind speeds is apparent. However, the effects of
the other nonuniform flows do not appear to be very great. The effects of
each nonuniform flow are not adding in a linear fashion.

Figures 4-10 and 4-11 show the effects of two cycles per revolution and
three cycles per revolution turbulence. Turbulence has the largest effect
on peak power of all the nonuniform flows. At high wind speeds, turbulence
increases the power output. The result is that the curve is flattened.
Figure 4-8, showing the yaw error case, shows a similar result. The power
curve with the nonuniform flow is somewhat flattened. As operation off axis
is a likely result of operation in turbulence, it would appear that turbu-
lence can flatten the power curve through several means.
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4.3 ENERTECH TEST CASES

The uniform flow case is shown in Figure 4-12, along with the test data.
The test data lie very close to the prediction at 2° tip pitch angle. It is
possible that this difference may be due to the airfoil used by Enertech,
which has a dropped leading edge and is thus not a true NACA 44XX series
airfoil. This modification can be expected to result in an increase in the
maximum lift coefficient. The effect of this increase in lift coefficient
is similar to the effect of an increase in the pitch anglej; more power in
high winds. However, this does show quite graphically the difficulty in
predicting peak power.

The c¢ase with wind shear showed no difference in performance from the uni=-
form flow case. This case is not shown. The case with tower shadow is shown
in Figure 4-13. For the Enertech, the tower wake was assumed to have a
total width of 0.173 rotor radii, and a maximum deficit of 0.83 times the
local undisturbed flow. Again, the effects of nonuniform flow or dynamic
stall are minor. These effects are mainly seen at wind speeds below peak
power, in contrast to the Mod 0 where the effects were greatest near peak
power. This is most likely due to the lower tip speed ratios of the Ener-
tech at peak power (2.7 for the Enertech versus 3.7 for the Mod 0).

The case with both wind shear and tower shadow has almost the same perfor-
mance as the case with tower shadow alone, and hence is not shown.

Figure 4-14 shows the performance prediction for the Enertech with a 20° yaw
error. The same trend of the curve being "stretched" to higher wind speeds
is seen, as it was with the Mod 0. In addition, the tendency for the power
curve to flatten out at high wind speeds is quite apparent.

Figures 4-15 and 4-16 show the two turbulence cases: two cycles per revolu-
tion and three cycles per revolution. The turbulence tends to reduce the
peak power and flatten the power curve, as was seen before. Dynamic stall
has a somewhat more than negligible effect on performance at wind speeds
just below the rated wind speed.

The last case, wind shear, tower shadow, and yaw error, is shown in
Figure 4-17. This case bears a strong resemblance to the case with yaw
error only, The only notable aspect is that the peak power seems to be
increased slightly by the nonuniform flows.
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SECTION 5.0

CONCLUSIONS

A modified version of the rotor analysis program PROP has been developed.
This new code incorporates several improvements. The rotor geometry can be
described at arbitrary radial points, instead of at 10 equally spaced
points. The rotor disc can be divided into an arbitrary number of radial and
circumferential stations for analysis purposes. The turbine performance can
be analyzed under the influence of four differnt types of nonuniform flow:
wind shear, tower shadow, turbulence, and off-axis flow. The effects of
dynamic stall, as determined by the MIT model, can be included. The program
outputs the dimensionless turbine performance as well as dimensional values.

The new computer code was exercised on two turbines, the Mod 0 with aileron-
controlled blades and the Enertech 44/25. Each of these turbines was examined
under seven conditions of nonuniform flow involving various combinations of
the four basic nonuniformities both with and without the effects of dynamic
stall included.

The results showed that the nonuniform flows caused about a 2% change in the
peak power prediction in most cases. Both increases and decreases in peak
powers were predicted for different cases. Dynamic stall caused even less of
a change in performance, and generally that change was toward lower perfor-
mance. Detailed analysis of the results showed that the lift rise associated
with dynamic stall caused a performance increase, but the drag rise caused a
performance loss. These two effects tend to cancel. A sensitivity run was
conducted in which the drag rise was eliminated. This gave a performance
increase of about 5%. This is a first order change to the dynamic stall
method and thus a significant perturbation, consequently it indicates the
maximum theoretical performance change expected from dynamic stall.,

The nonuniform flow cases that caused the greatest changes were the turbulence
and yaw error cases. For both these nonuniform flows the power output is
reduced for wind speeds below rated, peak power is either reduced or un-
changed, and power output in high winds is increased. The net result is that
the power curve is shifted in a way that makes it resemble the experimental
curves more closely, although the peak power output prediction is still low;
that is, below that experimentally measured.

It is concluded that dynamic stall has little significant effect on the per-
formance of horizontal axis wind turbines. Most strip theory models underpre-
dict the peak power output of turbines, but this discrepancy does not appear
to be due to not taking dynamic stall into account. It now appears that the
discrepancy betwen theory and experiment may be due to other effects that have
not been incorporated in the PROP model. Some likely effects are: radial
flow causing delay in blade stall and creating aerodynamic performance differ-
ent from dynamic stall; aeroelastic twist of the blades due to aerodynamic
loads causing the rotor twist geometry to vary from the nominal settingsj and
improperly modeled airfoil characteristics in the stall region. Other post-
stall routines, like those given by Viterna and Corrigan (198l1), may be an
improvement in this area. :
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An additional conclusion is that dynamic stall increases the cyclic loads,
both flatwise and edgewise seen by the blades. This may be an important
consideration in the fatigue analysis of the blade.
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APPENDIX A

NOTES ON NOMENCLATURE

The NUPROP computer program is designed to handle both wind turbines and pro-
peller rotors. It should be noted that the standard definition of power coef-
ficient for propellers is not the same as the one used for wind turbines. For
propellers, the power coefficient is found by normalizing power by on3D3,
where p is the density, n is the rate of rotation in cycles per segond, and D
is the diameter. For wind turbines, the normalizing factor is pVo mR2 ,

In propeller nomenclature, both power coefficient definitions are used, and
both are loosely called the power coefficient. . However, the wind turbine
definition is normallyy given the variable name Py, and the propeller defini-
tion is given the variable name C_. These are the conventions used in the
NUPROP code, and we distinguish between them by calling P, the power coeffi-
cient and Cp the coefficient of power.

Below is a list of the definitions used in the NUPROP code.

Coefficient of power: Cp = P/(pn3D3) = 2 nCq
Coefficient of torque: Cq = Q/(pn3D3)

Coefficient of thrust: Cr = T/(pn2D%)

Diameter: D=2R

Advance ratio: J=V/nD-=n/X

Rotation rate, cycles per second: n

Power: : P = % VgﬂRch = pn3D5Cp

Power coefficient: Pc = P/(1/2 pvg mR2) = BCp/(nJ3)
Torque: Q= % chz) mR3 Q¢ = en2 D3 Cq
Torque coefficient: Qc = Q/(1/2 pvi mR3)

Radius: R

Thrust: T = % pVi mR2 T, = n2p4%Cy
Thrust coefficient: Tg = T/(1/2 ovg mR2) = 8 Cp/(nJ2)
Free stream velocity: Vo

Tip speed ratio: X = QR/V = =n/J

Density: o

Rotation rate, medians (second): Q=2mm
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APPENDIX B
USER'S GUIDE FOR THE PROGRAM PROP
The modified version of the PROP computer code, called NUPROP, is written as
an interactive program. The programming language is FORTRAN. When run,

NUPROP displays a menu of 12 commands. After each command is completed, the
menu is again displayed. Each of the menu commands is explained below.

e Command 1 -- Radius of Each Station

" In NUPROP, the blade chord, twist, and airfoil section data can be defined at
arbitrary radial stations, Values at intermediate points are formed as
required. This command is used to define the raidal position of each
station. The program asks for the number of stations, and then the normalized
radius of each staion. The number of staions should be between 2 and 20. The
radial values should be in the range zero to one, with the first value being
near the hub (and usually at the inner end of the blade), and the last point
near the tip (usually with a value of one).

e Command 2 -- Airfoil Section Data Input

This command allows the airfoil lift and drag characteristics to be defined at
each station. At each staion the user is asked which input mode is to be used
to define the data. The possible modes are:

Mode -1: 1Input the data from a disc file. The user will be asked for the
file name.

Mode 0: Keyboard input.

Mode 1 to 20: Copy the airfoil section data from Station 1 to 20. This
mode is useful when the blade has the same airfoil ‘along its entire span.
The first station is input using either Mode -1 or Mode 0, and then the
Station 1 data are duplicated at all other stations by using Mode 1.

The input format for the section data used for Modes -1 and 0 is as follows:

The first value input is the number of points used to define the 1lift
coefficient curve. This is followed by angle of attack and lift coefficient
values, one set per line. The lowest angle should be entered first. After
the appropriate number of data points have been entered, the number of points
used to define the drag coefficient curve is entered. The angle of attack and
drag coefficient values are then entered in a manner similar to the lift
coefficient values. After the appropriate number of data elements have been
input, the program will move on to the next station.

For Mode -1 the above data are contained in a disc file. For Mode 0 they are
entered from the keyboard in response to queries.
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e Command 3 -- Rotor Characteristics

The user is queried for the following information: Number of blades, cone
angle, and hub radius.

The cone angle is in degrees, and the hub radius is normalized and usually set
to the radius of Station 1, as defined by Command 1.

The tip and hub loss models to be used are asked for. Currently only the
Prandtl model or no loss model are available.

o Command 4 -- Blade Chord and Twist

The user is queried for the chord and twist at each station as defined by
Command 1. The chord is normalized by the blade length and the twist is in
degrees, positive being leading edge into the wind.

e Command 5 -- Real Rotor Data

This command provides output giving dimensional values for the rotor
performance. The rotor radius (in meters), rate of rotation (in RPM), and
fluid density (in kilograms per cubic meter) must be input.

e Command 6 -- Analysis Parameters

This command allows the user to define the number of radial and
circumferential elements to be analyzed, and some other analysis parameters.

The user is first queried for the radius range over which to analyze and the
number of radial elements to analyze. Normally the radius range should be
from the hub to the tip. Other values are also useful, for isolating a
portion of the rotor for detailed analysis, or rotor design work. The number
of radial elements can have any value, but experience has shown that 10 to 20
elements work best. Note that the number and position of the analysis
elements need not have any relationship to the number and position of the
radial station as defined by Command 1.

Next the user is queried for the number of blade rotations to analyze over and

the number .of circumferential elements to consider. The values to use for
these two parameters are highly dependent on the nonuniform flows that are
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being included in the analysis (see Command 7). The table below covers most of
the cases.

Case Numbef Numbe{ of Circum-
of Rotations ferential Elements
Uniform flow 1 1
Wind shear 0.5 5
Tower shadow 0.5 50
Yaw error 1 10
Turbulence 1/2 cycle* 10
Dynamic stall 1 or more 100 or more

*Example: for turbulence with a frequency of three
cycles per revolution, it would only be necessary
to analyze over 1/6 of a revolution.

Next the user is prompted for whether or not to suppress the swirl term. This
should be answered with a "Y" or "N". The swirl term is suppressed when a
system that includes stator vanes or counter-rotating rotors is analyzed.

The user is then prompted for whether or not to analyze the rotor as a
propeller, requiring answer "Y" or "N". Analyzing the rotor as a propeller
changes the sign of the angle of attack, the interference factors, the torque,
power, and thrust.

Lastly, the user is asked whether or not to include the effects of dynamic
stall., Answer "Y" or '"N" is required.

e Command 7 -- Nonuniform Flow Input

With this command the user may define the parameters of the four nonuniform
flows considered by NUPROP. For wind shear, the user is prompted for the
shear exponent and the hub height divided by the rotor radius. For tower
shadow, the user is queried for the wake width and deficit. The width is
defined as full width divided by the rotor radius. For turbulence, the user
is asked for the turbulence frequency divided by the rotor rotation frequency,
and the turbulence intensity as the peak variation of the wind speed divided
by the free stream flow speed. For yaw error, the user is queried for the yaw
error of the rotor in degrees.

59



STR=-2732

- Y
S=RI @
[ K.~

o Command 8 —-- Rotor Analysis

This command results in the rotor, as defined by the above commands, to be
analyzed.

The user is first queried for the collective pitch angles (delta beta) over
which to analyze. Then the program asks whether or not to display the
analysis results for each blade element. Answer "Y" or "N". Answering "Y"
can result in an enormous amount of output. Next the user is asked whether to
increment the variable X, the tip speed ratio, or J, the advance ratio for
each analysis point. An answer of "X" or "J" is required. Then the user is
asked for the range of X (or J) values over which to analyze.

Finally, the user will be asked where the output should go. Usually this will
be a disc file. However, the output can be sent to the terminal or printer if
the proper device name 1is given. These names are, of course, system
dependent.

The analysis output first consists of a listing of all the input parameters.
Then the analysis starts with the first collective pitch angle and the first X
or J value specifieds The X or J value is then incremented between each
analysis until the maximum specified value is reached. The collective pitch
angle is then incremented and the required X or J values are again analyzed.
This continues until all of the collective pitch angles are examined.

e Command 9 -- Change Blade Chord or Twist at One Station

This command allows the blade chord and/or twistvangle to be changed at any
one station. Generally this command is used for rotor design studies.

¢ Command 10 -- Augmentation Input

With this command, the effects of a duct or shroud on rotor performance can be
included. The flow velocity through the rotor is

Vx=Cm°-aMao
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Normally for free rotors C_ and M_ have a value of 1.0. For these cases,
this command need not be us@®d. Some values for Cn and M, in various cases

are given below. 0
Case Cmn. Ma
Free rotor (default) 1 1
Rotor in cylindrical duct 1 2
Rotor in a pipe 1 0
Free rotor with a large center body ¥ 1
Rotor in a noncylindrical duct * *

*These values must be determined from potential flow
theory based on the specific geometry.

e Command 11 -- Header Input

This command allows the user to input a run header. This header is printed

out when the rotor is analyzed.

e Command 12 -- Exitj Terminates NUPROP

= Output

If blade element data are requested, then the program will output the

following information:
For each collective pitch angle, advance ratio, blade element, and

circumferential station, the values of the axial velocity component, a,

a'y ¢, a, Cpy Cpy Pgyy Qgys Cpys Cpy and n are output.
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For a complete rotor:

For each feather angle and advance ratio, the values of X, Poy Ty Qo
Towr I Cp, Cp» ny Fpy Vg, P, T are output. Note that the last three
values are dimensional. Tew is the thrust coefficient based on
integration of the inviscid portion of the wake. Generally, it is only

useful for ducted props. F  is the propeller figure of merit.

- Program Listing

A listing of the NUPROP program follows.
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APPENDIX C
EXAMPLE OF RUN OF THE PROP CODE
This appendix contains two sample runs of the PROP code. One run is for the
Mod 0 turbine operating in wind shear. The second is for the Enertech

operating in uniform flow. The runs show typical output from the program, as
well as the input data used to analyze the two turbines.
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PROGEAMN NLIFROP

C AN PROF PROCEAM, NON PLOTTING VERSION
DIMENSION AL(S0.20), CLIS0, 200, 400530, 20, CD(Z20, 20
DIMENSION CHOZ0), TW{ZD)Y, PVOIZY, CMDIZ20), CMALZO
DIMENETON NPLoZDY NPDIZ0), RETATIZ0)
INTEGER VAR, PVS (133, VAL :)
DIMENTION VMTN("",. ¢ VMAX ! ),\ TICIZY) FNOR)  HEADER 20, DAT (2, TIM{Z)
COMMON X, PC, TC, QC. TCU. ,_', CEy,CTHETAFM, V'EI O: FWE, THF
COMMDIN JEE/ZRCODE

COMMON /DYNAM/MODEDY., IDFLG

!U;‘v!EH'r 'P”‘li,x}

s NV P‘“" YL TPCT Ty R0y TTWT, I, TCP T, TCT

' N ";"'T /

CMD:CMA,CQP USZEP,; HH, WEXF, 7AW/ 43%1 .0, 230,/

MODE, NSEC, LTIP, MODEDY, LHUE, HUE, CONE, BLROT /21, 230, 20, , 1 ./
TAETA BLyEZ, NBNAL/O 1y, 20/
DATIL’! BNo Pl t t‘F) PI?'E'; F~'4'.cj/2| t =01 115.:{: =7, EQE';”'S'_'W E'o E 5 E‘; 131 1?’::"" /
DATH RADIVUE, FPFM, RHG/ L, B0, 147 '
DATA I\JET»"-%'T, PSTAT/1C)1 4'35; ‘ 15; eE':-’} y 25, 4."‘, 0559 0651 ¢;'759 (83, 95
LATA ERCODE/-98999, /

oOCOMMAND INRUT

bl TYPE 10200

0ot FORMAT (" | RADIUS OF EACH STATION'/

Jl
-
=]
k4

+ 2 AIRFQIL SECTION LATA INPUT®/

+7 3 ROTOR CHARACTERISTICS /

7 ELADE CHDED AND TWIST'/

+7 9 REAL ROTOR SIZE, SPEED'/

+' B ANALTSIS PARAMETERS "/

+7 7 NON UNIFOREM FLOW INPUT®/

+ 8 ANALIZE THE =ROTOR'/

+° 9 CHANGE CHORD OF TWIST AT ONE SETATION"/
+ 10 AUGMENTATION 2JATA INRPUT/

+7 11 HE4DER INPUT"/

+" 12 EXIT /7
+ " $COMMAND? )
ACCEPRT #,12 :
GOTO (=0, 100: 200,200,500, 220, 240,600,400, 410, 4320, 993), 12
¢ 3TATION RADIUS £NPUT
=90 TTYPE 1001
1061 FORMAT ( “®NUMEBER OF STATIONSE? )
ACCEPT =%, NSTAT
DD B0 I=1, NETAT
TTYPE 1002, 1
1002 FORMAT ( "FQF STATION &7, 1%, ° RADIUST )
&0 ACCEPT =+, RSTATI{I) :
GOTOS ’

e B

ELEMENT CHARACTERISTIC INPUT {CL,CD)
LO0 TTPE 1003
1003 FORMAT(" SECTION DATA INPUT SOURCES: "/ /
te -1 DISC FILE INFUT"/
=0 FETROARD IN2UT'/
17 1-10 COPY FROM SECTION 1-107/7)
DO 110 I=1,NSTAT
16 CALL SECTONII,NPL.AL,CL,NFD,AD,CD)
.GOTOS

¢ POTOR CHARACTERISTIC INPUT
200 TYPE 1004
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1 |'_:'; :':« FS

INPUT
b

3 €2 7y

G

)

it

=0

1017

=),

D5z

1030

LERICH

C

FORMAT (" NUMBEF OF BLADEES, CTONEZ ANCGLE, HUE FADILEY %)
ACCEPRPT *, ZN, CONE, HUER '
COP=C0E (CONE/ DR

E1P=EIN{(CONE/DE

TTFE 1028

TYRPE 1028

FORMAT (* LO&& MODELS /7 Dy NONE'/" 1:x PRANDTL™)
FORMAT (" TIF LOEE MOQDEL, HUE LOSS MODELT "%

ACCEPT *,LTIP, LHUE

IF(LTIP. LT G ORCLTI®.GT 1 ORVLHUE VLT O, OR, LHUE . T LI GOTO2E0
GOTOE

STATION CHORD, TWIAT

DO =10 I=1yNSTAT

TYPE 10131, I,RBEBTAT(I)

FORMAT{( " FOR STATION'.I4, " AT RADIUS “,F4,2.° THORD, TWIESTY
ACCERT %, CHOI), TWD

TWI)=TWD/DR

CONTINUE

GOTOS

GNALTERIE PARAMETERS

TYRPE 1017

FORMAT ({ " 4iRADIUS RANGEATUIANALIZE: INNER, OUTER, # OF ELEMENTEY

ACCEPT #,; R1, RZ, NANAL

TYPE 1053

FORMAT (" ELADE ROTATIONS TO AVERAGE
1y NUMEER OF ANNULAR STATIONS? %)
ACCEPT #*.BLROT,NSEC

TYPE 1026 :

FORMAT (" SURPRES SWIRL TEEM? %)
ACCEFT 1023, MCM

FORMAT (A2}

USEAP=1,

IF(MCM.E@, I1HYT)USEAP=0,

MODE=1

TYPE 10320

FORMAT (" ANALYTZE AS PROP? ‘%)
ACCEPT 102, MCM

IF(MCM,EQ, IHY)MODE=~1

MODEDY =0

TYPE 1031

FORMAT( "$INCLUDE DTNAMIC STALL EFFECTE? )
ACCEPT 1023, MCM
IF{MCM.EQ, "y " YMODEDY=1

GOTOS '

C NON UNIFORM FLOWS

340

1082

1008

100%

1016

TYPE 1052
FORMAT( "$WIND EXPONZNT, HUE HEIGHT/ROTOR RADIUEG? )
ACCEPT *, WEXP; HH

"TYPE 1008

FORMAT( "$TOWER WAEKE WIDTH, DEFICIT? )

ACCEPT *, WWIDTH, WDEF

TYPE 1009

FORMAT (" ¢$TUREULANCE: FREQUENCY/ROTOR ROTATIIN FREQUENCY? 7))
ACCEPT +*, FTURB :

TYPE 101&

FORMAT( "$TURBULANCE INTENSITY? ")
ACCEPT #, TUREI
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PRI o M (ffﬁ?
U FORMLT "8y aW DRROE. DECREER? 7))

ACCERT *, 7AW
.’"./"“’Y‘-."J:'-:T\

{ :

RIS WCIR

. ON THORD, TWIST

- ntE
TOHETATION TO THANGE? ")
T %, 1

1014, CHIT)
TCOSOLD CHORE', F7, <, © NEW CHORD? )
FoOHLT

T ) # DR

1615, TWD

MAT{ S0LD TWIET  (F7.2, ©  NEW TW!

L T
0

TP )

y=TWD /DR

TORUGMENTATION I
30 DO 420 I=1,NETAT
TYFE 10i8,1
OIS FORMAT (" FOR BTATION', 13, © CMO, MA? %)
Sy ACCEPT #, CMOIT), CMATT)
GOTCOS

i

\F LT

TNPUT
TYPE 1038
FORMAT( “ $EUN HEADER™ )
ACCEPT 1041, HEADIR
100 FORMAT { 3DA |
COTOS

pEAL ZOTOR DIMENSIONS

200 TYPE 1007

10407 FORMAT ( "&RITOF RADIUS (M), RATE OF ROTATION
ACCEFT =*, RADIUS, RPM
TYPE 1010

2010 FORMAT ( “$DENSITY (KG/M**3)7 )

ACCERT #, RHO

GOTOS

SHNALTZE PROP!
SET RI {I!F NEEDED), GET DELTA RADIUS
00 IFIR1,.LT.HUBIR L =HUR
DRAD={EZ-F1)/NANAL
TYPE 1032
1032 FORMAT(® DELTA BETA ANGLES: INITIAL, FINAL,
ACCEPT *,F5,FF,FD
TYPE 1019
Lo1e FORMAT(* SHOW ELEMENT DATA? “%)
ACCEPT 1025,18
TTPE 102%
1003 FORMAT (" INCREMENT X OR J7? ')
ACCEPT 1023, INCY
TYPE {620, INCY
P00 FORMAT (A3, * START, END, INCREMENT? "¢}
ACCEFT *, XJS, XJE, D¥.J
TTYRE 1023
FORMAT( "$OUTMJT TO (TT:, L5z, OR FILE NAME}?

LRI e A B ]

102

i
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el B

i

143

re (Y

o —
o
i

ACCERT 1012, FN
FORMAT (2A4)
OP NOUNTT=10, NBMEZ=FNI

~EADER

CALL LATE(DAT)

CALL TIME(TIM)

WRITEC LD, 10T HEADER, DAT, TIM, BN, CONE, HUE

FORMAT( 10X, "AEROVIRONMENT ROTOR ANALYTSEIG PROGRAM /

+18Xy "BART D. HIZES 1984/ /N, A4S/
ANALYTEIS PERFORMED ON , 2A4, 1A1" AT 7, 2R/
ROTOR GEIMETHY "7/

e

-+
+° NUMEBER OF ELADES: .T20,F4.0, " CONE ANGLI, DEGREZS: ", T4E, 7
.

HUE RAZIUS: ", T20, 76,3/
WRITE(10, 1028
WEITE(1Q; 1040)LTIF, LHUE
FUFMH!(' TIF LD ﬂﬂﬁ”l*",I*;" HUE LOES MODEL:
WRITE(10, 1028 )NSEC, ELEOT, NANAL, R1, RE
FORMAT (/" ANALYEHIE PARAMETERS "/ /

ROTATIONE '/

+14, " CIRCUMFERENTAL STATIONS ANALIZED OVER",F3.1:"~

+18, * ELEMENTS ANALIZED OVER A RADIUS RANGE FROM
“ " TO ¢, FS,3)

IF (MODE,E@, 1 )WRITE (10, 1033)

IF (MODE,NE, 1 )WRITE({10, 1034)

FORMAT! ' ROTOR ANALYZED AS WINDTWUREINE’)
FORMAT(‘ ROTOR ANALYZED AS PROPELLER’)

IF (USEAF.EQ,D, )WRITZ (10, 1027)

FORMAT(® SWIRL TIRM SUPPRESSED")

IF (MODE.NE. i }GOTO6 15

IF {MODEDYEG. 1 )WRITE{ 10, {D42)

FORMAT(* DYNAMIL STALL EFFECTS INCLUDED)
WRITE(10, 1054)WEXP, HH, WWIDTH, WDEF, TUREI, YAW, FTURE
FORMAT(/° NON UNIFORNM FLOWS"//
+" WIND EXPONENT: ', T23,F6.%, ° HUE HEIGHT/RADIUS:
4 TOWER WAKE WIDTH: . T25,F6.5, " WAKE DEFICIT:
+' TUREULANCE INTENSITY:'T2S,F6,3,

+° YAW ERROR, DEGREES:’,TSS,F6.3/

+' TUREULANCE FREQUENCY/ROTOR ROTATION FREQUENCY:
WRITE(10, 1005)RADIUS, RPM, RHO

FORMAT(/’ DIMENSIONAL VALLUES'//

+ ROTOR RADIUS:,T25.F9.1, M’/

+' ROTOR RATE OF ROTATION:’,T25,F9,2,° RPM/

+° DENSITY:’,T25,F9,&, ' KG/M¥x3’)

WRITE (10, 1043) -
FORMAT(/° ELADE STATION DATA’/‘ STATION RADIUS
1, cMO MA )

D0 620 I=1,NSTAT

TWD=TW(I)*DR

WRITE(10, 1047)I,RSTAT(I),CH(1), TWD,CMO(1),CMAC(I)
FORMAT(16,5F9,4)

DO 620 I=1,NSTAT

WRITE(10, 1048)1

FORMAT(/° AIRFOIL SECTION DATA FOR STATION', 12/°
L ALPHA CD”

N=MAXO (NPL (1), NPD(I))

DO E30 J=1,N

WRITE(10, 1049)AL(J, 13, CL{J, 1)) AD(J, 1), CDUJ, 1)
FORMAT(2F9 .4, 5X, ZF9, 4)

CONTINUE
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C

TTART WITH FIRZT FEATHER ARNGLE
FL=FE&

= FLE=FL/DR

FIRET X (OF J) VALUE
XJ=XJ8
IF{IS NEIHYYWRITECID, 1020

FESET INTECRETED VALUEE

IR =0,
o=,
T,

THE FIRET X OF J VWALUE
¥=¥d
TF{INCVL EQ IHG i X=PT/XJ
RIS EQ, IHYIWRITE(1Q: 1036)FL, X

=& TOEMAT(/° BLADE ELEMENT DAT& FOR DELTA BETA=",F&.Z, " X=7,
LFELVEST  RARO THETA VEL A aF Fi=1 BNG
i CL CD TPC oTC nac DCE noCT
i ETA)

LODF THEU 4LL BARIAL ELEMENTS

no ?uu I=1, NANAL

R&aDIVE OF THIS SECTION
FE=DFAD*{(I-.3)+R!
CHORD, TWIEZT, f'CWENTAT oM OF THIS SECTION
CHU=ALOOK (CH, ESTAT, BE: NSTAT}
IF{CHU,EQ, ERCODE)YGOTD220
TWU=ALOOE { TW, ESTAT, Ry NSTAT}
CMOU=ALO0OK {CMD, RETAT, By NSTAT)
CMAU=ALOCK (CHMA, RSTAT, B, NSTAT)
HFESET SECTION DATA SUEBROUTINE
IDFLG=1
CAHLL SECDAT(CHU. E, BETAT; NSTAT, ANG, 0., F,
INPL, AL, CL,NPD, AD. CD,CLl}, CDD)
FIRST GUESS FOFE A A PREIME
Al1=0, .
sRI=0,
SOLIDITY
SL=EN*CHU/{PI1+COP*E#*Z, }
LOOFP THEU ALL ANNULAERE ELEMENTE
DO 780 NE=1,NSEC
THETA=360. *BLROT* (NS-,%) /NSEC
IDFLG=2
NON UNIFOEM FLOW
CALL NUFL{VX,VC:VE, X, B
FEBET A, A PEIME STEP \ALUES
Ak=0.0
APRK=0,0

C BTART OF ITERATION LOOP

LOCAL AUGMENTATION

;30 CM=CMOU-CMAU*AL

c

C

LOCAL FLOW VELOCITIES
=VX*CM*COP+VR#8IP
Vd={1.+AP1)*R*X4+VC
W=SARTI{VI#+*2+VI*xZ)
INFLOW ANCGLE
P=1{,57 :
F(VJIWNE. O, )P=ATANZ2{VIVJ)
IF(AEBRS(F).LT. 1E-S)P=LE-5
CDO=COS(P)
SI1=8IN(F)
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ANGLE OF ATTACKE
A=F-TWU-FLHR
ANG=A*DR*MODE

C TIP AND HUER LOSSES

)

FT=1., .

IF(LTIP.EGQ, 1DFT=PEAND(EN, 1.+ R, B1)

Fr=1,

IF(LHUEVEQ. 1, AND.HUB.NE. Q0. )FH=PRAND (BN, R, HUE,SI)
s =FT#FH

CL &MND CD
CALL SECDAT(CHU: R, REGTAT, NSTAT, ANG, THETA, F,
{NPL. AL, CL, NPD, AD,CD,CLU, CDD)
CLL=CLU*MODE
C FIND AZ
DCH=SL*WxW*CLL*CO/ (VX*#%2)
IF(DCH.LT, 96)AZ=(,5~,D#8@QRT(1,-DCH) }/F
IF(DCH,GE, 198 )YAZ=(, 143+8@QRT(. 02530~ ,64Z%(,882-DCH) 1) /F
L FIND A PRIME 2
AP2=5L*CLL*W*USEAP/(4.*F*X*E)
C FIND NEW Aly AP1 FOR NEXT ITERATION
CALL AITER(A1,AZ,AK)
CALL AITER(API1,APZ2, APE)
e 1IF{AEBS(AE).CGT, . 0001 ,0R.AES(APE).GT,.0001)G0 TO 730
C LOOP OVER., COMPUTE STUFF
C LOCAL VALUES
PHI=P#*DR '
TCL=SL*WxW* (CL.L¥CO+CDD*SI)*MODE
@CL=SL#W*W*R+*MODE*(CLL*SI~ CDD*CO)/COP
PCL=X#@CL
TCLW=4, *A1*CM*F*MODE
A1=A1*MODE
AP1=AP1+#MODE = |
CTL=TCL*PI38/ (X*X)
CPL=PCL*PI148/ (X+X *X)
ETA=0,
IF(PCL,NE.Q.)ETA=ARS(TCL/PCL)
IF(ETA.GT+1.,)ETA=1,/ETA
C. INTEGRATED VALUES
TCW=TCW+TCLW*DRAD*2, *R/NSEC
TC=TC+TCL#DRAD*2.*R/NSEC
@C=QC+@CL*DRAD*Z, *R/NSEC
IF(IS,EQ,IHT)WRITE(19,1024)F,; THETA, VX, Al, API PHI ANG,; CLU,
. 1CDD, PCL, TCL, @CL,CPL,CTL,ETA
1024 FORMAT(F& "4 F&. 2 P 2F8 4; EF\.H.'.pBFS 4)
T TELL SFCTI@N DATA POUTTNE TO ADVANCE TO NEW STATION
IDFLG=
CALL SECDAT(CHu,R,RSTAT;NSTAT;ANG;THETA,F,
iNPL, AL, CL: NPD,AD,CD,CLU, CDD) '

)

780 CONTINUE
C DONE WITH ALL STATIONB
- PC=QC*X

CT=TC*PI38/(X*X)
CP=PC*FI148/(X*X*X)
AJ=PI/X

C DIMENSIONAL STUFF
PWR=CP#RHO*RPM**3+RADIUS**5%1,48148E-7
THR=CT*RHO*RPM*+2+RADIUS**4+4, 444444E -6
VELO=AJ*RPM*RADIUS/20,
ETA=0,
IF(PC.NE.O,)ETA=AEB(TC/PC)
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IF{ TETAVWGT 12 ETA=1, /ETA

Flvi=0,

IFICR NE O 1FM=s FEFa8saRS 0T *x ] .S/ CHF
IF(IEEQIFY)WRITECLO, 1021

1071 FORMAT(/° @ EBETA X PC TC pe TCY
i CF cT ETA FM VEL, M/8  PUWE, EW
= THR, ENT )

MEITE’1Uy1U~#‘:L)X“. TC C ;C }AJQC ’u}'ErH'FMrVELQJPwE)THR
1OEE FORMAT O ?nclpFﬁle*FJ;ﬁf}”nSyzFiD; f“F 4.F7«2tﬁ?1094)

RERE D R 4

TFY \u‘uE'AJE}CO TO 70

Fl=FL+FD

IF{FL.LE.FF,AND.FD.CGT, 0, 3G0 TC 705

CLOSE(UNTIT=10)

oOOTo =

220 TYFE ANALYETE OUTSIDE STATION DATA ATTEMPTEDS

bag LD

[

c

i

SUEROUTINE SECTON(I,NPL,AL,CL,NPD,AD,CD]

C READ IN EECTION DATA
DIMENEION AL (20,20),CL(50,20),AD(50,20),CD(350, 20}
DIMENSION NFL{Z0),NPD(Z0),FN{2)

{ EEE WHERE TO GET THE DATA

105 TTYPE 1002, 1

1002 FOEMAT{" FOR STATION", I4" DATA SOURCE? '$)
ACCEPT *, . ‘
IF(J.CT,0)C0TO!
IF& EC.“I)GOTO”OO

o KEY INPUT, GET # OF CL POINTS

ted TTYPE 1003 '

14003 FOEMAT (" NUMEER OF POINTS IN CL CURVE? ‘%)

ACCEPT *,NPL (1)
THE ALPHA: CL POINTE
DO 120 J=1,NPL{(I}
TYPE 1004,J
1004 FOREMAT(" POINT", I4, " ALPHA,CL? ")
130 ACCEPT *,AL{J, I),CL(J, 1)
1005 FORMAT{2F15.,0)
TYPE 1007
C THE CD CURVE
1007 FORMAT(® NUMEER OF POINTS IN CD CURVE? ’%)
ACCEPT *,NPD(1)
DO 140 J=1,NFD{I;
TYPE 100&,J

[
[
m
e |

10ge FORMAT( " POINT", 14, " ALPHA, CD? "%)
140 ACCERT #*,AD(J, 1),CD(J, 1)
C GO AND SET THE REST TO ZERO
GOTOZ2=20
C DUPLICATE FrROM ANOTHER STATION
120 DO 150 N=1,%0

AL(N, I1=ALIN, J}
CL{N, I1)=CL(N,J}
AD(N, 1)=AD(N, J}
150 CDI{N,y 1)=CD(N, J)
NPL¢1)=NPL(J)
NPD(I)=NPD(J)
RETURN
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C RBEAD IN DATA FILE

200 TYPE 1009

1009 FORMAT( " AIRFOIL SECTION DATA FILE NAME? "%)
ACCEPT 1000,FN

1000 FORMAT (2A4)
QPEN(UNIT=9, TYPE="0QLD"; NAME= FN ERRE=200)
READ (9, *)NPL(I3
DO 210 JI=1,NPL(I}

210 FEAD{9, #)AL(J, 1), CL{J, 1D
EEAD(Q,*DNPD(I)
DO 220 J=1,NPD{(I)

Za0 READ{(3, #)AD(J, I),CD(J, 1)

CLOSE(UNIT=9)
3ET THE REST TO ZERO
G DO Z4C J=NPD(I13:+1:50
ALUT, 1)=0.

240 CD({Jd, 1)=0.
DO 250 J=NPL{(I)+1,50
AL(J}I)=00

250 CL{J,I)=0,
RETUREN
END

FRANDTL TIP LOSS MODEL
FUNCTION PRAND(E;R1,RZ,81)
F=EXP(-AES(B* (R1-R2)/(R2*81%2)))
PRAND=1, - . £ 3662*ATAN(F/SRRT (1, -F*F))
RETUERN .
END

OO0

C ITERATION ROUTINE ' '

SUEROUTINE AITER (A1, AZ,AK)
IF{(AK,EQ. 0, )AK=,5%(AZ2~A1)

IF(AES (ALl +AK-AZ2) . CT.AES{AL-AK-A2))AK=-AK*.5
IF(AES(A1+Ak-AZ2).CT.AES{A1+AK*,5-A2) )AK=AK*,5
Al=A1+AK '

RETUEN

END

NON UNIFORM FLOWS

o000

SUEROUTINE NUFL{VX,VC, VR, X, R, THETA, HH, WEXP, WWIDTH, WDEF,FT, TI, )
DATA DR, FPI1/5SF.2958,%,14159/
_XEL=R*SIN(THETA/DR)
, “YEL= P*COS(THETA/DP)
C WIND SHEAR
V=(1.+7TEL/HH) **WEXP
C TOWER SHADOW .
IF{AES{(XEL).CGT. MWIDTH/E..OP,EEL GT+0.)GOTO10
V= V*(1.-WDEF*(COS(XEL*PI/WWIDTH))**1)
C TUREULANCE
10 V=V%(1,+TI*COS(THETA*FT/DR))
C OFF AXIS FLOW
VX=V*COS(T/DR)
VC=V*#SIN(7T/DR)*COS(THETA/DR)
VR=V*SIN(Y/DR)*SIN(THETA/DR)
RETURN
END
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T EBECTION DATAH, DYNAMIC STALL
SLUEROUTINE SECDATI(C, R, RS, N5 ANG, TH, F, NFL; AL, CL, NPD,
{AD,CD, CLU, CDU!
DIMEMSION AL:S0,20),CL(50.20),AD(S0,20).CD(50,20)
DIMENSION NPL(Z0),NPD(Z20),RE(20}
COMMON JER/EHCODE
COMMON  /DTYNAM/ MODFDY,IDFb
DATA -AMMA,WP’FO.,SI._95
GoTO!S, 100,210 IDFLG

T REEET THE ROUTINE

bl MODESV=S

C FIMND ETATIC STALL ANCLE
ANG=D,
F':;l t

T”ALL SD{R, RS, NS, ANG, F, NPL. AL, CL, NFD,; AD, CD, CLU, CDU)
1o CLLST=CLUV

ANG=ANG+ /3

CALL SD(R, RS, NS, ANG, F, NPL, AL, CL, NPD, AD, CD, CLU, CDU)

IF’FLU‘lOZE.GTPCLLCT‘GOTOIO

ANGES=ANG -
CLSS= CLLST
RETUEN
C TET NON-DYNAMIC DATA, SEE WHICH MODE
100 CALL SD{E, RS, NS, ANG, F, NPL, AL, CL, NFPD, AD, CD, CLU, CDU)

IF{MODEDT.NE. 1 }RETUEN
MODE=MODESYV

SI=SIN(ANG/DR)
GOTO(1106,200,300,400,500)MODESY

C
C MODE '3 SIMPLE ATTACHED FLOW
i

10 IF(ANG.LE.ANGSS,0FR,ANG.LE.ANGLST.OFR,ANGLST.GT,ANGSS) RETUERN

MODE=2

C

C MCDE 23 DYLAMIC PRE-STALL

200 IF(ANG.GT,ANGSS)GOTD210

¢ NO DTYNAMIC STALL
MODE=1
RETUEN

210 DADT=(ANG~ANGLST)/ { TH~THLST)

C DYNAMIC, BUT ATTACHED
ANGDS=ANGSS+CAMMA*SART (AMAX.1 {DADT*C/2,/F,0.))
IF{ANG.GT.ANGDS)GOTO220
CLU=CLSS+, 1*{ANG~ANGSS}

RETUEN
220 MODE=32
C START OF VORTEX ROLLOFF
CLU=CLSS+. 1#(ANG~ANGSS)
THDS=TH
DCL=AMINIi (2,,40,*DADT*C/F)
CLMAX=AMAX1 (CLU, CLSS+DCL)

ODE &3 VORTEX ROLLOFF MODE ‘

IF{{TH-THDS)*F/C/DE.,GT. ly)GOTOflo

NITAL VORTEY ROLLOFF

CLU=AMIN! {CLMAX, CLSS+. 1% (ANG~ ANGSS) )
CDU=CLU*S8I
RETUEN

210 IF{{TH-THDS)*R/C/DR,GT,2)GOTOZE0

C FINAL VORTEX ROLLOFF
CLU=CLMAX

C
CM
200
CI

72




ChU=CLU*81

| RETURN
0 MODE=4

STALLED
THO=TH

£ LIFT DECAT MODE

400 EXPT=EXP{ (THO-TH) *2%R/C/DR)
IF{EX®T.LT,0.01}CGOTOS00

C STALLED
o LU=(CLMAX-CLU) #*EXPT+CLU
CDU= (CLMAX#S1-CDU)*EXPT+CDU

A RETURN
c
C FLOW REATTACHED
500 MODE= {
RETLRN
C SAVE LAST MODE, ANGLE AND THETA
510 MODESV=MODE
ANGLST=ANG
THLST=TH
RETURN
END
o
o
C SECTION DATA, INTERPOLATE BETWEEN 2 STATIONS

SUEROUTINE SD(R, RS, NS, ANG, F, NPL, AL, CL, NFD, AD, CD, CLU, CDU)
DIMENSION AL{50,20),CL(50,20),AD(50,20),CD(50,20)
DIMENSION NPL(20),NPD(20),RE(20) :
COMMON /ER/ERCODE

C FIND STATIONS WE ARE BETWEEN
DO 10 I2=2,NS
IF(R,LT.RS(I2))GOTOZ0

10 CONTINUE

20 Il=12-1
CALL GETSEC(I1,ANG,F,NFPL,AL,CL,NFPD,AD,CD,CL1,CD1I)
CALL GETSEC(IZ,ANG,F,NPL,AL,CL, NPD, AD,CD, CLZ,CD2)
F1=(RS(IZ2)-R)/(RS(IZ2)-RS(I1)) .
F2=(R-RS(I11))/(RE(12)-RB(I11))
CLU=CL1%F1+CL2#%F2
CDU=CD1*F1+CD2*F2,
RETUREN
END

c :

C SECTION DATA. SUEROUTINE, VITERNA MODEL MODIFIED EY TANGLER
c o , ;

'SUEROUTINE GETSEC(1I, ANG,F,NPL,AL,CL, NPD,AD, CD, CLU, CDD)
DIMENSION AL(50,20),CL(50,20),AD(50,20),CD(50,20)
DIMENSION NPL(20),NPD(20),CDDS(4), ACDDS{4)

DATA CDDS, ACDDS/154,204, 25+, 27«5, « 1, 175, . 275, « Z63/
COMMON /ER/ERCODE

DATA TC, DR/, 15,57 ,2958/
CLU=APOLT(1,ANG, AL, CL,NPL(I))
CDD=APOLT (1, ANG, AD, CD, NPD (1))

IF(CDD. NE, ERCODE,AND. CLU,NE . ERCODE ) RETURN

C FIND AR
AR=17
IF(F.GE,.895)GOTO10
AR=2*F/(1-F)

10 CDMAX=(1,+,065*AR)/ (,9+TC)

-9



i

MAY ANGLEE FCORE CL AND CD IN TAELE
#ED=ADINFD(IY, I)/DR
ASL=ALINFL(I}, 1) /DK
&6=ANG /DR
B2=(CDI{NFL(I),1)-CDMAX*SIN{AED}: /COS{AED)
2={(CL(NPL{I), I)-CDMAX*EIN(AEL)*COS(ASL) ) *EIN(AEL)/COS(ASL) ¥+

(]
Ha

IFI{CLU,EQ,ERCODE)CLU=SIN(Z, *A)*CDMAX/ 2, +AZ#COE (A Z/BINIA)

C CO FOR 154ANGIZF. 3B

IF{(CDD.NE, ERCODEYRETURN

CDD=ALOQOKA(TDDS, ACDDE, ANG, 4)
DOFOR ANGHZRF. S

IF(CDD,EQ,ERCODE)CDD=CEMAX*SIN(A)+E2*#COS(A)

FETURN

END

L]
3

INTEFRPOLATION ROUTINE
FUNZTION APOLT(I,ANG,A, C,NM)
DIMENSION A(3S0,20:,C(30,20)
CoOmMMON /ER/ERCODE

APOLT=ERCODE
IF(ANG,LT.A(1,1).2R.&NG.GT.A(NM, 1))RETURN
N=1

50 N=N+ 1

IF{A(N, I}, LT.ANG)GOTCS0

AROLT=C{N-1, I)+{(C(N, I)-C{N-1,I1)*{ANG-A{N=-1, 1)}/ (AIN, T)-A(N-1,1)
FETUEN

EMD

FUNCTION ALOOK(F,X,;X0,N}

C FUNCTION TO FIND VALUE OF F(X) AT X=X0

- DIMENSION F(N),X{N)

- COMMON /ER/ERCODE
IF(ERCODE.EQ.0,)ERCODE=-9395999,
NN=N-1
DO 10 I=1,NN
X1=X(I)

X2=X(I+1)

D1=AES(X1-X0)

D2=AEBS(X2-X0?

DO=AES(X1-X2)
IF(D1,LE.,DO.AND.D2,LE.DO)GOTO100

10 CONTINUE

C X NOT FOUND IN RANGE
ALOOK=ERCODE
RETURN

C CALCULATE VALUE OF F(X0)

100 IF(X2/.NE.X1)GOTO110
ALOOK=,3%(F(I)+F(I+1))
RETURN

110 FAC=(X0-X1)/(X2-X1)
ALOOK=F{I1)+FAC*#{F(I+1)-F(I))
RETURN
END
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AEROVIRONMENT ROTOR ANALYSIS PROGRAM
PBART D. HIBRS 1984

MOP 0 IN WIND SHEAR _
ANALYSIS PERFORMED ON 11-JUL-B4 AT 17:27:¢17
ROTOR GEOMETRY

NUMPER OF BLABES: ~ 2, CONE ANGLE,» DPEGREES 2,00
HFUYE RADIUS: : .0.052 s

LOSS MODELS

0: NONE~ .~ ,

1: PRANDTL o S

TIP LOSS MODEL: .1 HUB LOSS MODEL: |

ANAL\GIS'PARAHETERQ f-“’

= CIPCUHFEPENTAL STATIOMq AMALIZED OVER . 0.3 POTATIONS
1S5 ELEMENTS ANALIZED OVER A RADIUS RANGE FROM 0.0S2 TO :.000
POTO ANALYLED AS HINDTUPB NE

IFORN FLOHS

 LIND EXPONENT: _’~J " 0.143 MUBR HEIGHT/RADIUS: 0,974

. TOMER'WAFE WIDTH: *~ = 0.000 WAFE DEFICIT: -0.000
- TURBULAMCE ‘INTENSITY: _ 0.000 = YAW ERROP, DEGREES: 0.000

TUPBULANCE FPEQUENCYIROTOP ROTATION FREQUENCY: 0.000
"DlHENSlONAL VALUES

ROTOR RADIUS: _ 19.5 M
POTOR RATE OF ROTATION:  20.60 RPM
DENSITY: 1,220 KC/Mex3

ELADE .STATION DATA - ) :
STATION PADIUS CHORD TWIST  CMO MA:

1 ~0.0521 0.0297  0.0000  1.0000 11,0000
2. 0.2025 0.0782 0.9000 1.0000 1.0000
2  0.4972 00,0782 0.0000 1.0000 1.0000
4 O0,E26F 0.0657 0.0000 1.0000 1.0000
S 0.6717 0.0612Z 0.0000  1.0000 1.0000
€ 0,6723 0.0616 0.9000 1.0000 1.0000
T 0.97S9 -0.02342 ©.0990 1.0000 - 1.0000
2 1.0000 . 0,0900 0.0000 1.0000 1.,0000
ATPFOIL. SECTION DATA FOR STATION . |

aLPHA cL aLPMa - €D

-4, 0002 -0,2009 : ~4.2200 -~ €.0085

£.0902 90,1000 - 0.h000 - 0.0082

4.000)  0.4490 - 4.2900 0,0095

£.0000 9,8209 2.0000 D.012%

12.06C0 1,1300 10.0000 0.01S52

15,0009 §.40C00 12.2000  0.9202

37.0000 1.2000 ‘14,0000 00,0250

T.0009 - 0.0000 17,9000 02,0520

ATPFOIL SECTION DATA FOR STATION 2
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ALPHA cL aLPHa
-<2,9060 -0.23000 ~4.0000
0.9000  0.1020 0.2000
4.0000 ©0.4490 4,0000
§.0000 0.8200 2.0000
12,0000 1.1200 10,0000
S 15,0009 1.4000 12.0200
17,0000 1.2000 14,0000
0.0000 0.0000 17.0000
AIPFOIL SECTICN DATA FOP STAT1ON
ALPHA: cL ALPHA
-4.0000 -0.2000 -4;0000
C.0000 0.1000 0.0000
4.0000 0.4400 4.0000
£.0009  0.8200 3.0000
12,2000 1,1200 10.0000
15,0609 1.,4000 12.0000
17,0000  1.2000 14,9900
£.0009  0.0000 t7.0900
AIEFDIL SECTION DATA FOR STATION
ALPHA cL ALPHA
-+.0000 -0,2000 -4.2000
£.0009  0.1000 ©,0000
4,0000 0.4400 4,0000
E.0009  0.8200 3.9306
12,0009  1.,1200 10.0000
15,0009  1.4000 12,0000
17,0000  1.2000 14.0000
Z.0G0D  0.0000 1. 9000
AIPFOIL SECTION DATA FOR STATION
ALPHA cL ALPHA
-4,0000 -0.3000 -4.0000
0.0000 0.1000 0.0000
£,0000. 0,4400 4.0009
6.10000  0.8200 8.0000
12.000¢  1.1200 10.00C0
1S.0000  1.4009 12.0000
17,0000 1,2000 14.0000
0.0000 0.0000 17,0000
ATFFOIL SECTION DATA FOP. STATION
ALPHA cL ALPHA
-4.0000 -0.2000 -4.0000
0.0000 ©0.1000 0.0000
4,0000  0.4400 4.0000
8.0000  0.8200 /.0900
12.0000 1.1200 10.0000
15.0000 1.4000 12.0000
17.0000 1.2000 14,9009
0.9000 0.0060 17,0000
AIPFOIL SECTION DATA FOR STATION
ALPHA cL ALPHA
-4,0000  -0.3000 4.0000
0.9070 0.1009 0.0900
4.0000 0, 440G 4.0000
2.0000  ©.8200 1.0900

p
0.0085
0.0082
0.0095
0.0122
0.0152
0.0202
0.0250
0.0520

o

Cp
0.0085
0.0082
0.0095
0,2122
0.0152
0.0202
0.0250
0.0520

4
cDh
0.0085
0.0082
0.0095
2.0122
0.0152
0.0202
0.0250
0.0520

S
co

0.0085
0.,0082
0.0095
0.0122
0.0152
0.0202
0.0250
0.0520

(3
cp

0.0083
7,908z
0.0095
0.0122
0.0152
0.0202
0.0259
9.0520



12.0000 1.1200 10.0000
15.0020 1.4000 12.0000
17.0000 1.2000 14.0000
0.0000 0.0000 17.0000
AIRFOIL SECTION DATA FOR STATION
ALPHA CL ’ ALPHA
-4.0000 -0.2000 -4,0000
0.0000 ° 0.1000 0.0900
4,0000. 0.4400 '4,0000
8.0000 0.8200 8.0000
12.0000 1.1200 10,0000
15.0000°' 1.4000 12.0000
17.0000 1.2000 14.0000
0.0000 0.0090 17.0000
D BETA X PC TC
0.0 15.71 0.2127 0.9711
G.0 12.57 0.3528 0.8476
0.0 10.47 0.4014 0.7355
0.0 8.98 0.4006 0.5722
0.0 7.85 0.3779 0.3972
0.0 €.98 0.2459 0.5212
0.0 €.28 0.2109 0.4736
0,0 S.71 0.2759 C.4241
0.0 5.24 0.242% 0.3208
0.0 4.83 ‘0.211t 0.2429
0.0 4.49 0.1822 0.2099
0.0 4.19 0. 1560 0.2208
0.0 2.92 0.1225 0.2546
0.0 2.70 -0.1121 0.2215
0.0 2.49 0.0349 0.2115
0.0 2.21 0.0301 . 0.1932
0.0 3.14 0.0€679 0.1785
0.0 -2.99 0.0580 0. 1656
0.0 2.86 0.0439 0.1545
0.0 2.72 0.0421 0.1448
0.0 2.82 0.0375 0.1364
0.0 2.51 0.0328 0.1290
0.0 2.42 9.0283 0.1226
0.0 2.33 0. 0256 D.1169
0.0 2.24 0.,0229 0.1120
0.0 2.17 0.0203 0.1075
0.0 2.09 0.0184 0.10325

0.0152
02,0202
0.0250
0.0520

8
cD

0.0085
0.0082
0.0095
0.0122
0.0152
0.0202
0.0250
0.0520

ac
0.0135
0.0282
0.0282
0.0446
0.0481
0.0495
0.0495
0,0422
0.04€63

. 0.0427

0.0406
0.02372
0.0237
0.0202
0.0272
0.0242
0.0216
0.0194
0.0175

-0.0158

0.0142
0.0121
0.0120
0.0110
0.0102
0.0095
0.0088

TCW
0.9291
0.8627
0.7722
0.6842
0.6050
0.5348
0.4725
0., 4205
0.3729
0.23229
0.2971

- 0.2654

0.22€69
0.zZ118
0,1899
0.1706
0.1537
0.1291
0.1264
0.1152
0.1056
0.09€69
0.0892
0.0827
0.07€69
0.071&
0.0667

J
0.200
0.250
0.2300
0.350
0.400
0.150
0.500
0.550
0.600
0.650
0.700
0.750
0.200
0.850
0.900
0,950
1,000

-1.050

1.100
1.150
1.200
1.250
1.300
1.350
1.400
1.450
1.500

P
0.00067
0.00217
0.00426
0.00674
0.00950
0.01228
0.01526
0,01303
0.02057
0.02277
0.02454
0.02585
0.026F4
0.02702
0.02717
0.02697
0.02€6€8
0.02627
0,02507
0.02574
0.02544
0.0251€6
0.02492
0.02475
0.02482
0.02454
0.02441

CcT
0.01525
0.02080
0., 02670
0.03234
0.03752
0.04224
0.04€650
0.05038
0.05284
0.05629
0.059%4
0.06202
0.06400
0.065€69
0.06727
0.06869
0.07012
0.071€68
0.07240
0.07518
0.0-712
0.07917
0.08124
0.08370
0.08€612
0.08878
0.09142

ETA
0.2190
0.4174

.0.5213

0.5959
0.6325
9,6512
0.6564
0.6597
0.6267
0.6157
0.5879
0.5557
0.5204
0.4842
D.4487
0.4123
0.3805
0.2502
0.3229
0.2977
0.2742
0.2542
0.2357
0.2191
0.2041
0.1906
0.1780

FM
2.2496
1.10z3
0.2180
0.6879
0.6108
0.55°9¢6
0.5242
0.%004
0. 4346
0, 4756
0.4725
0.47€68
0.4848
0.493€69
0.%124
0.5226
0.5552
0.5808
0.6085
0.6220
C.6716
0.70€6S
0.7427
0.7805
9.2127
0.8€602
0.9023€

VEL., M/S PW2, KW

2.68
3.35
4,07
4.69
5.36
€.0%
€.€69
7326
8,02
8.70
.37
10.04
10.71
11.282
12.05
12.72
13.29
14.06
14,72
15.40
16.07
16.74
17 .41
18.08
18.75
19.42
20.08

Z.97€7

9.5715
12,9506
29, 0450
42,3051
55.1418
£7.9844
20,2119
91.6151
101, 4259
109. 3394
115. 1468
112.6BE2
120, 4212
1721.0240
120.165"
118.2567
117.4571
116, 14236
114.E671
113,3461
112.0717
111.0272
110. 2717
109,697
109.32009
108, 7355

THR, KNT
5.0749
&.921€
8.8¢221
10.7572
12. 4254
14.0%ZS
15. 4697
16. 7800
17.911€6
18.9221
19,2421
20.523%6
21,2916
21.85449
F2. 2798
22,254
3227
23,8427
Z4.4702
25,0124
2T.6S71
26.2400
27,0622
27 . 2458
28,6711t
22,5372

.20. 4151
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AEROVIRONMENT ROTOR ANALYSIS PROGRAM
BART D. HIEES 1984

ENERTECH 44/25 IN UNIFORM FLOW
‘ANALYSIS PERFORMED ON 2E~JUL-84 AT 15:18:37
ROTOR GEOMETRY

NUMEER OF BLADES: 3, CONE ANGLE, DEGREES 5.00
HUB RADIUS: 0.100

LOSS MODELS

0: NONE

1: PRANDTL :

TIP LOSS MODEL: 1 HUB LOSS MODEL: 0

ANALYSIS PARAMETERS

1 CIRCUMFEPENTAL STATIONS ANALIZED OVER 1.0 ROTATIONS
15 ELEMENTS ANALIZED OVER A RADIUS RANGE FROM 0.100 TO 1.000
ROTOR ANALYZED AS WINDTURBINE '

NON UNIFORM FLOWS

WIND EXPONENT: 0,000 HUB HEIGCHT/RADIUS: 3.640
TOWER WAKE WIDTH: 0.000 WAKE DEFICIT: - 0.000
TUREULANCE INTENSITY: . 0.000 YAW ERROR, DEGREES: 0.000
TURBULANCE FREQUENCY/ROTOR ROTATION FREQUENCY: 0.000

DIMENSIONAL VALUES

ROTOR RADIUS: . 6.7 M
ROTOR RATE OF ROTATION: 53.00 RPM
DENSITY: 1.220 KG/M#a2

ELADE STATION DATA

STATION RADIUS CHORD TWIST CMO MR
1 0.1000 0.0666 5.0000 1.0000 1.0000
2 0.6260 0.,0909 2.9800 1.0000 1,0000
3 1.0000 0.0758 0.0000 1.0000 1.0000

AIRFOIL SECTION DATA FOP STATION 1

ALPHA CL ALFPHA CcD
-4,0000 0.0009 -4.0000 0.0130
€6.0000 1.0000 4,0000 0.0120
8.0000 1.1500 €.0000 0.0170
10.0000 1.2500 8.0000 0.0220
12.0000 1.3500 10.0000 0.0270
14.0000 1.4200 12.0000 0.0420
16.0000 1.4200 14.0000 0.0580
0.0000 0,0000 16.0000 0.0820

AIRFOIL SECTION DATA FOP STATION 2
ALFPHA CL ALFHA CD
-4,0000 0.0000 -4,0000 0.0130
€6.0000 1.0000 4.0000 0.0130
8.0000 1.1500 €.0000 0.0170

10.0000 1.2500 8.0000 0.0220



.0 4.49 0.3887 0.7202 0.0866 0.6467 0.700 0.0523€ 0.12859 0.53298 + 7861 8.22 12,1223 4.2712
.0 4.19 0.3615 0.6621 0.0863 0.5902 0.750 0.05989 0. 14648 0.5451 0.7469 8.89 21.87 14 4,5147
0 3.93 0.3321 0.6119 0.0846 0.5394 0.800 0.06677 0.152373 0.5427 0.7207 9. 48 24,3826 4.7296
«0 32,70 0.3022 0.5649 0.0818 0.4930 0.850 0.07288 0.16028 0.5350 0.7025 10.07 26.R 165 4,9399
«0 3.49 0.2726 0.5221 0.0781 0.4503 0.900 0.07803 0.16609 0©0.5220 0.6921 10.€66 28.49%4 S. 1189
0 3.3t 0.2428 0.4832 0.0:724 0.4110 0.950 0.08174 0.17125 0.502¢4 0.6218 11.26 29.8504 5.2780
0 .14 0. 2140 0. 4477 0.0681 0.3750 1.000 0.08402 0.17581 0.4780 0.7000 11.85 20.6869 S5.418¢6
.0 2,99 °0.1876 0.4152 0.0627 0.3420 1.050 0.08527 0.17975 0.4518 0.7131 12.44 21.1410 5.5401
.0 2.86 0.1637 0.2852 0.0572 0.2117 1.100 0.08555 0.18202 0.4249 0.7303 12.02 21.2414 S5.6410
0 2.73 0.1430 0.3580 0.0523 0.2844 1.150 0.08538 0.18593 0.3993 0.7492 13.62 2. 1200 S.7204
.0 2.62 0.1250 0.3338 0.0478 0.2600 1.200 0.08483 0.12877 0.3745 0.7714 14,22 30,9792 5.8179
«+0 2.,51- 0.1101 0.3130 0.0438 0.2%89 . 1.250 Q. 08445 0.19205 0.3518 0.73952 14.81 20,8416 5.9191
«0 2,42 0. 0968 0.2940 0.0401 0.2200 1.300 0.08355 0,19509 0.3294 0.8229 15.40 20,5124 6.0128
«0 2,33 0.0851 0: 2767 0.0266 0.2027 1.3350 0.0822¢6 0.19806 0.3076 0.8550 16.00 20.0407 €.1045
0 2.24 0.0754 0.2617 0.0323¢6 0.1874 1.400 0.08128 0.20146 0.2882 0.8877 16.59 29.6814 €6.2092
0 2.17 0.0672 0.2487 0.0210 0.1740 1.450 0.08052 0.20538 0.2704 0.9223 17.18 29.4048 €6.3299
.0 2.09 0.0602 0.2374 0.0288 0. 1620 1.500 0.07994 0.20972 ©.2541 0.9586 17.77 22,1940 6. 462"
0 2,03 0.0544 0.2273 0.0268 0.1514 1.550 0,07956 0.21448 0.2392 0.9962 18.37 29. 0536 6.6104
.0 1.96 0.0493 0.2184 0.0251 0.1419 1.600 0,907931 0.21960 0.2257 1.0352 18.96 28.9649 €.7682
.0 1.90 0.0449 0.2105 0.0226 0.1324 1,650 0.07922 0.22506 0.2133 11,0754 19.55 28.9294 €.9364
.0 1.85 0.0411 0.2034 0.0222 0.1256 1.700 0.07926 0.23086 0.2019 1.1167 20.14 28,9437 71151
ETA X PC TC ac TCW J o - CP. CT ETA FM VEL,M/S PUR,KW THR, ENT
.0 15.71 -0.6010 1.2885  -0.0383 0.8020 0.200 -0.00189 0.02024 0.4664 -1.2168 2,37 -0.6396 0.6228
+0 12.57 -0.0641 1.1823 -0.0051 0:8935 0.250 -0.00029 0.02302 0.0542-10.0297 2,96 ~0.1436 0.8942
.0 10.47 0.1796 1.0974 0.0172 0.9275 0.300 0.00190 0.02879 0.1627 3.2006 .55 0.6954 1.1954
.0 8.98 0.3069 - 1.0294 0.0342 0.9276 0.350 0.00517 0.04952 0.2981 1.701€ 4.15 1.88€69 1.5262
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+0 €6.98 0.4236 ©0.9218 0.0607 0.8669 0.450 0.01516 0.07330 0.4595 1.0447 5.332 5.5356 2.23593
.0 6.28 0.4458 - 0.8741 0.0710 0.8180 0.500 0.02188 0.08581 0.5101 0.9165 5.92 7.9922 2.6448
+0 S.71 0.4482 0.8236 0.0785 0.7662 0.550 0.02928 0.09784 0.5441 0.83329 6.52 10.6934 22,0155
«0 5.24 0.4377 0.77349 0.083¢ 0.7149 0.600 0.032713 0.10934 0.5659 0.7770 7. 11 13,5582 3. 3699
+0 4.93 0.4194 0.7232 0.0863 0.6636 0.€650 0.04523 0.11999 0.3800 0.7322 7.70 16.351383 2.6921
«0 4.49 0.3969 0.6735 0.0884 0.6120 0.700 0.0534¢€ 0.12960 0.5892 0.69632 8.29 19,5248 2.9943
0 4.19 0.3717 0.6262 0.0887 0.5649 0.750 0,06559 0.13832 0.5937 0.6664 8.89 22.4911 +4.2620
.0 3.93 0.3445 0.5215 0.0877 0.5123 0.300 0.06926 0.14615 0.5924 0.6437 9.48 25,2920 4.5045
0 2,70 0.3174 0.5409 0.0859 0.4790 0.850 0.076355 0.15248 00,5868 0.6267 10.07 27,9551 4,7304
«0 3.49 0.2911 0.5044 0.0824 0.4417 0.900 0.083234 0.16042 0.5772 0.6152 10.66 30, 4342 4, 9447
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+0 2.51 0.1340 0.3149 0.0533 0.2466 1.250 0.10278 0.19221 0.4256 0.6592 14.81 27,5353 3.9549
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0 2,02 0.0682 0.2275 0.0337 0.1565 1.550 0.09995 0.21467 0.3004 0.7940 18.37 36.501€6 6.E6163
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12.0000 1.3500 10.0000 0.0270
14.0000 1.4200 12,0000 0.04320
16.0000 1.4200 14,0000 0.0580
0.0000 0.0000 16.0000 0.0820
AIRFOIL SECTION DATA FOR STATION 2
ALPHA cL ALPHA Cco
-4,0000 0.0000 -4,0000 0.0130
€6.0000 1. 0000 4.0000 0.0130
8.0000 1,1500 6.,0000 0.0170
“10.0000 1.2500 8.0000 0.0220
12.0000 1.3500 10,0000 0.0270
14,0000 1.,4200 12.0000 0.0420
16.0000 1.4200 14.0000 0.0580
0.0000 0.0000 16.0000 0.0820
D BETA X PC TC ac
-2.0 15.71 -1.,4497 2.2702 -0.0922
-2.0 12.57 -0.5178 1.8704 -0.0412
-2.0 10.47 -0.0853 1.6064 -0.0081
-2.0 8.98 0.1242 1,4124 0.0150
-2.0 7.85 0.2522 1.2647 0,0222
-2,0 6.98 0.2191 1.1470 0.0457
-2.0 6.28 0.3519 1.0507 0.0560
-2.0 S.71 0.3269¢6 0.9685 0.0647
-2,0 5.24 0.3797 0.8944 0,0725
-2.0 4.83 0.2828 0.8265 0.0792
-2,0 4.49 0.3667 0.7582 0.0817
-2,0 4.19 0.2394 0.6942 0.0810
~2,.0 3.93 0.3084 0.6355 0.0785
-2.0 2.70 0.2748 0.5816 0.0744
-2.0 3.49 0,2404 0.5232 0.0689
-2.0 3.21 0.2076 0. 4896 0.0628
-2.0 3.14 0.1779 0.4492 0.0566
-2.0 2,99 0.1525 0.4128 0.0510
-2.0 2.86 0.1307 0.2824 0.0458
-2.0 2.73 0.1132 0.3554 0.0415
-2.0 2.62 0.0977 0.:3206 0.0373
-2,0 2.51 0,0845 0.2090 0.0336
-2,.0 2.42 0.0737 0.2907 0.0305
-2.0 2.33 0.0648 0.2748 0.0278
-2.0 2.24 0.0573 0.2607 0.0255
-2.0 2.17 0.0511 0.2484 0.023¢6
-2.0 2.09 0.0457 0.2375 0.0218
-2,.0 2.03 0.0412 0.2278 0.0203
-2.0 1.96 0.0:3732 0.2192 0.0190
-2.0 1.90 0.0239 0.2115 0.0178
-2.0 1.85 0, 0209 0.2046 0.0167
D BETA X PC T oc
¢.9 15.71 -0.9110 1.7628 -0.0580
.0 12.57 -0.2357 1.5091 -0.0188
0.0 10.47 0.07:28 1433455 0.,C071
0.0 8.98 0.2:431 1,.2074 0.0260
0.9 7.85 0.2208° 1.1CfF1 0.0408
0.0 6.98 0.3725 1.0243 0.0524
CG.d €.23 0.4031 C.25864 0.0642
0.0 S.71 0.4167 0.8974 9. 07230
0.0 5.24 0.4201 0.2413 0.0802
0.0 4.8 0.409% 0.7806 9.0847

TCW
-0.7586
0.0323
0.4577
0.6828
0.7987
0.8482
0.8574
0.8289
0.7990
0.7:381
0.6716
0.6094
0.5523
0.4993
0.4514
0.4081
0.3684
0,2234
0.3025
0.2759
0.2517
0.2205
0.2121
0.1959
0.1815
0.1687
0.1572
0.1471

0.1379°

0.1296
0.1229

TCW
0.21€69
0.5823
0.7713
0.8613
0.8936
0.2913
0.86632
2,823k
0.7€77
0.7966

J
0.200
0,250
0.200
0.350
0.400
0.4350
0.500
0.550
0,600
0.650
0.700
0.750
0.800
0.850
0.900
0.950
1.000
1,050
1.100
1.150
1,200

1.250°

1.300
1,250
1.400
1,450
1.500
1.550
1,600
1,650
1.700

J
0.200
0.250
L. 300
0.350
0. 400
0.450
0.500
0,330
0.609
0.6%9

cP
-0.00455
~0.00218
-0.00090
0.00226
0.00636
0.01142
0.01727
0.02415
0.03220
0.04128
0.04940
0.05622
0.06200
0.06628
0. 06882
0.06991
0.06985
0.06931
0.06824
0.06769
0.06632
0.06484
0.06360
0.06257
0.06178
0.06112
0.06061
0.06021
0.05992
0.05972
0.05962

Cp
-0.00286
-(.00145

0.00078
¢.012332
0.00206
0,01332
0.01979
C.02722
0. 0356 =
0. 04414

cT
0. 0:3566
0.04591
0.05678
0.06795
0.07946
0.09121
0.10315
0.11505
0. 12644
0.13714
0. 14591
0.15337
0.15971
0. 16501
0. 16961
0.173s1
0.17644
0.17916
0.18172
0.18457
0.18695
0.18962
0.19294
0. 19667
0.20067
0.20506
0.20984
0.21496
0.22040
0.22615
0.23219

CT

0. 02763
0.0270a
0.0:724
0.05309
0.06%50
0.08145
0.09232
0, 10661
0.113949
0. 12951

ETA M

0.6286 -1.1797
0.2768 -2.4701
0.0521-11.9308
0.0950 6.2546
0.2002 2.8084
0.2782 1.9250
0.:3342 1.5202
0.3816 1.2894
0.4245 1.1139
0.4621 0.9816
0,.4837 0.9002
0.4888 0.8523
0.4852 0.8214
0.4726 0.8069
0.4509 0.8098
0.4241 0.8249
0.2959 0.8466
0.2684 0.8730
0.2419 0.904S
0.2189 0.92347
0.2956  0.9724
0.27235 1.0161
0.2535 1.0622
0.2357 1.1122
0.2199 1.1610
0.2056 1.2122
0.1925 11,2655
0, 1807 1.3207
0.1€92 11,3777
0.1601 1.,4366
0.1511  1.4971
ETA FM

06.5168 -1.2346
0.:56* -3.9320
0.0552 19.4632
0.:321 2.8458
0.2901 11,2128
9.3626 1.3917
0.4215 1.1600
0.46423 .020!}
0.499% 0.9185
0.5241 ), 8429

VEL,M/S
2.37
2.96
3.55
4.15
4,74
S5.33
5.92
6.52
711
7.70
8.29
8.89
9.48

10.07

10.66

11.26

11.85

12.44

12,02

13.6%

14.22

14,81

15. 40

16.00

16.59

17.18

1777

18,37

18.96

19.55

20.14

VEL,M/S
2.37
2.96
3.59
4.15
4,74
5.32
5.92
6.3
RS

T70

PWR, KW
-1.66232
-1.1603
-0.3304
0,9251
2.3241
4.1698
6.2083
8.2192
11.7605
15.0753
18. 0405
20.5229
22.6420
24,2057
25.13243
25.5298
25.5088
25,3100
24,9565
24.7198
24,2212
23.6787
22,2243
22.8499
22.5602
22,3203
22,1331
21,2287
21.8826
21.8132
21.776C

1.2674
72262
9.9424
12.0136
16.1212

THR, KNT
1.0991
1.,4149
1.7499
22,0942
2.4491
2.8112
3.1731
2.5460
2.8970
4,2267
4.4970
4.7268
4,9225
5. 0858
S5.227€
5.3478
5.4280
5.5218
5.€6008
5.6887
5.7620
S, 84443
S5.9466
6.0617
6.12418
6.2201
6.4674
6.6252
6.7928
6.9701
71561

THP., ENT
0.823534
1. 1416
e 45359
1.7901
2, 1419
2.5105
2.8922
2.2857
2. 6658
3.9716
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